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ABSTRACT 
 
Studies related to selectivity assessment and yield upgrade of different types of 
Carbon Nanotubes have been conducted in order to determine the optimum supported 
Co-Mo catalysts design to achieve the desired performance. 
Our group has developed and optimized a catalyst highly selective to the 
production of high (n,m) selectivity Single-Walled Carbon Nanotubes known as 
CoMoCAT®.  In order to make their production more cost effective, different studies 
were devoted to increasing the carbon yield while keeping the selectivity high (as 
defined in Appendix A-1).  In order to increase the carbon yield, several catalyst 
formulations have been tried.  Catalysts synthesized using the sol-gel method have 
shown an improvement on the carbon yield while keeping the SWCNT selectivity high. 
In this work the synthesis of catalysts by using the sol-gel method is shown.   
Carbon Nanotubes are widely recognized for being suitable for different 
applications because of their outstanding properties.  Different types of Carbon 
Nanotubes are desired for different applications.  Therefore the synthesis of controlled 
structure tubes is of high economic interest.  Nowadays, the production of controlled 
structure Multi-Walled Carbon Nanotubes is also desirable not only because they are 
preferred for some applications over Single-Walled Carbon Nanotubes, but also because 
of the high cost effectiveness of their production.  It is desirable to use all the 
knowledge gained during the development and optimization of Single-Walled Carbon 
Nanotubes production to control the structure of catalytically synthesized Multi-Walled 
Carbon Nanotubes.  In this work the transition between CoMoCAT® and highly 
selective catalysts for the production of Multi-Walled Carbon Nanotubes is shown. 
 xxiv
As mentioned before, it is important to produce Carbon Nanotubes not only at a 
high rate but also with high selectivity.  In order to quantify the selectivity, different 
studies have been conducted using a variety of analytical techniques.  The advantages 
and disadvantages of widely used metrology techniques are analyzed and shown in this 
work.  A new quantitative method to measure the SWCNT selectivity is also presented 
here. 
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INTRODUCTION 
Although there was evidence of the production of different carbon crystal 
structures, it was not until 1991 that the carbon nanotubes (CNT) were identified.  This 
year Sumio Ijima [1] (NEC) identified them as a product of the arc discharge method 
typically used to produce fullerenes.  It was found that they were composed of more 
than one graphene layer.  After two years (1993), single layer carbon nanotubes were 
produced and identified by Ijima [2] and Bethune [3]. 
 The discovery of these crystal structures has revolutionized the science due to 
their outstanding properties. 
 
i.1- Carbon Materials 
 Carbon is the first element of Group IV (Si, Ge, Sn, Pb) in the periodic table.  
This group is characterized by the ability to form chains of atoms with themselves 
(catenate) and to form covalent compounds having an oxidation number of +4.  It has 
four valence electrons and they hybridize in three different forms: sp, sp2 and sp3.  
Carbon is distinguished from the rest of the group because it is smaller, it has higher 
electronegativity and it does not have aa accessible d orbital.  This element is also 
distinguished for its ability of forming π-π bonds [4, 5].   
 There are two carbon allotropes, diamond and graphite.  Diamond (Fig. 1(a)) is 
characterized by the overlapping of the four sp3 orbitals of neighboring carbons.  
diamonds possess a cubic form (ZnS-sphalerite, [5]) where the tetrahedral carbons are 
arranged by covalent bonds.  This 3D interconnected structure makes diamond not only 
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an excellent thermal conductor but also a strong solid. It is also known for being an 
electrical insulator. 
 Graphite (Fig. 1(b)), on the other hand is formed by the stacking (0.335 nm) of 
2D carbon layers formed by the overlapping of three sp2 orbitals (6 C rings).  The C-C 
bond distance in this case is shorter than in diamond (0.154 nm).  The fourth electron is 
delocalized making graphite a high electrical conductor material (on plane 
conductivity).  While the in-plane bonding of carbon is very strong, the layer to layer 
interaction is weak, making graphite a good lubricant.  There are different types of 
graphite.  Turbostatic (defected graphite with layer to layer spacing larger than 0.335 
nm), Kish (single crystals of graphite formed onto molten iron), Highly Oriented 
Pyrolitic Graphite (HOPG, graphite produced by pyrolysis and annealing at high 
temperatures) and graphite whiskers (cylindrical and hollow structure with diameters in 
the micrometer range).   
 
 
 
Figure 1: Carbon allotropes: (a) diamond, (b) graphite. 
 
 Other carbon forms such as carbon fibers, carbon black, activated carbon, 
fullerenes and CNT can not be classified either as diamond (100 % sp3 bonds) or 
graphite (100 % sp2 bonds).  They have different sp3 to sp2 ratios [4]. 
(a) (b) 
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Carbon fibers (CF) (Fig. 2) [6] are composed of stacked layers of six carbon 
rings.  They can be crystalline, semi-crystalline or amorphous depending on how the 
layers are stacked.  Graphite is crystalline because its layers are always stacked parallel 
to each other (order). 
 
 
Figure 2: (a) Transversal view of carbon fiber cut, (b) Carbon fiber (top)-human hair (bottom). 
 
Carbon black is a type of amorphous carbon (Fig. 3) found in soot and coal.  It 
has high concentration of dangling bonds.  Activated carbon is also a type of amorphous 
carbon but it is pre-treated to have a very large surface area (500-1500 m2/g).  
 
Figure 3: Amorphous carbon. 
 
Fullerenes (Fig. 4) are formed by carbon pentagons, hexagons and heptagons.  
For example in C60, fullerenes there are 12 pentagons separated by 20 hexagons forming 
an icosahedral structure.  The high curvature causes the presence of sp3 bonds. 
(a) (b) 
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Figure 4: Fullerene C60. 
 
CNT are the carbon nano-structures that have revolutionized technology because 
they are light, they have high aspect ratio, high mechanical strength and high thermal 
and electrical conductivity.  Their structure, characteristics, production and applications 
will be described throughout this dissertation.  
 
i.2- Carbon Nanotubes 
i.2.1- Production 
 CNT were primarily produced by Arc discharge (Fig. 5).  This method consists 
of two carbon rods that are used as a cathode and an anode, through which DC current 
is applied.  Carbon is vaporized from the cathode and condensates onto the anode.  
Multi-Walled Carbon nanotubes (MWCNT) were produced using this method by Ijima 
in 1991.  Later, with the incorporation of catalysts into the anode rod, Single-Walled 
Carbon Nanotubes (SWCNT) (Bethune et al., 1993 – Ijima and Ichihashi, 1993) were 
synthesized using this technique. 
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Figure 5: Arc discharge. [7] 
 
 Another technique that has been widely used to synthesize CNT is Laser 
ablation (Fig. 6).  In this case a pulsed laser beam hits a target (graphite) kept under 
vacuum, evaporating the carbon.  This is carried by an inert gas and condenses on the 
surface of a temperature controlled substrate.  Even though this technique was primarily 
used to produce MWCNT, SWCNT (Maiti et al., 1997) have also been synthesized, but 
in this case the target was enriched with metals such as Co-Ni.   
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Figure 6: Laser ablation. [8] 
 
 Since none of the previously mentioned methods are scalable for industrial 
production, and the selectivity of CNT obtained is low, the use of a third method has 
been developed.  This method is named Catalytic Chemical Vapor Deposition (CVD, 
Fig. 7)) [9].   
 
 
Figure 7: Chemical vapor deposition. CoMoCAT® process. 
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This method is interesting not only for its cost effectiveness and scalability, but 
also because the CNT produced have narrow chirality and diameter distribution.  This 
method is based on the decomposition and precipitation of a carbon source (gas) onto a 
catalyst.  
As mentioned before, CNT can be composed of a single wall or multiple walls.  
Different mechanisms have been proposed in order to explain the formation of CNT by 
the CVD method.  A brief description of growth mechanisms for MWCNT and 
SWCNT will be presented next. 
For the production of MWCNT it has been shown in the literature [10] that Fe, 
Co and Ni are the most active metals.  As mentioned by Deck et al. [10], the catalytic 
activity depends on the solubility of carbon in the metal cluster (active range: 0.5-1.5 wt 
%).  Baker et al. [11] have proposed two types of growth, tip and root growth.  The 
decomposition of the carbon source on top of the metal particle followed by the 
diffusion into the particle to the other side, and final deposition leads to the tip growth 
type (Fig. 8(a)).  If the interaction between the metal particle and the surface is strong, 
then the decomposition of the carbon source is from the sides of the metal cluster and 
the diffusion is from the bottom to the top (Fig. 8(b)).  The physical state of the metal 
during the growth is still being studied.  Tibbets [12] has proposed the vapor-liquid-
solid (VLS) mechanism were the metal particle is liquid while the tube is growing.  As 
mentioned by Harris [13], the temperatures used to grow MWCNT (500-700 °C) are not 
high enough to melt some the most used metals such as Fe (m.p. 1536 °C).  Moisala et 
al. [14] showed that for Fe nanoparticles of 10 nm, the melting point would be 
approximately 940 °C, therefore not even particles in the nano-scale would be in the 
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liquid phase at the reaction temperatures.  Though, as mentioned by Harris [13], the 
nano-particles have to be in the solid state when MWCNT are grown.  It is also 
important to mention another mechanism proposed where the carbon diffuses around 
the particle on the surface [15,16,13]. 
 
Carbon source
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M
C
Carbon source
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Carbon 
source
 
Figure 8: (a) Tip and (b) root growth mechanisms scheme. 
 
It has been mentioned above the different mechanisms proposed for the catalytic 
growing of MWCNT.  In the case of SWCNT, all the parameters related to the catalyst 
and the reactions have to be controlled since their growth is much more selective than in 
the case of MWCNT.  Reaction temperatures commonly used for SWCNT production 
are higher than the ones used for MWCNT (900-1200 °C).  Carbon sources that are 
typically used are CO and CH4 because of their high thermal stability.  As mentioned by 
(b) 
(a) 
INTRODUCTION 
 
 10
Harris [13], other type of carbon sources such as acetylene will tend to pyrolize and 
produce amorphous carbon instead of SWCNT due to their low thermal stability.  He 
also mentioned than H2 is used to decrease (cleaning effect) the amount of carbon when 
these types of sources are used.  For the production of SWCNT metals such as Fe, Ni, 
Co and Mo (also some combinations) are the most used ones.  Different research groups 
have been producing SWCNT. Smalley’s group, for example, has produced SWCNT by 
using different catalysts and conditions [17,18] with HiPco® (High pressure carbon 
monoxide, [19]) being the most well-known.  These types of tubes are produced by the 
decomposition of carbon monoxide at high pressure while feeding Fe(CO)n as catalyst 
at the same time.  It is important to mention that this floating type of catalyst was used 
for the first time to produce CNT by Dresselhaus et al. [20].  Resasco’s group [21-29] 
has also been successful in growing high yield and SWCNT selectivity.  In this case the 
SWCNT were produced by using the well know CoMoCAT® process.  Briefly, this 
process is based on the decomposition of carbon monoxide at high temperature over 
cobalt-molybdenum supported on silica catalysts.   
As mentioned by Harris [13], the VLS mechanism has been widely accepted for 
the growing of SWCNT.  An interesting study done by Bolton et al. [30,31] showed that 
when iron nanoparticles were saturated with carbon, graphitic caps were formed and 
lifted at certain temperature forming CNT (Fig. 9).  They also mentioned that 
temperatures below those necessary for cap lifting would lead to encapsulation of the 
metal cluster while higher temperatures would lead to soot formation.    
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Figure 9: SWCNT nucleation and growth. [30]  
 
As mentioned before, the VLS mechanism is widely accepted for SWCNT.  
However, there are different theories related to the carbon diffusion and cap formation. 
While Bolton et al. [30,31] supported the diffusion through the particle, other 
researchers such as Raty et al. [32] showed that carbon diffuses on the particle surface 
forming an sp2 cap (Fig. 10).  
 
Figure 10: Carbon diffusion on the surface. [32] 
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Harris [13] mentioned the possibility of having a solid state mechanism instead 
of VLS during the SWCNT growing.  In this case, the mechanism involves the 
transformation of amorphous carbon [33,34] deposited on the metallic particle to CNT 
(Fig. 11).  This mechanism might explain the formation of CNT from particles where 
carbon dissolution is limited.  
 
Figure 11: SWCNT solid state growth mechanism. [13] 
 
i.2.2- Structure 
CNT can be defined as graphene honeycomb layers rolled into cylinders.  The 
carbon bonds in the graphene layer are similar to those in graphite where three of the 
carbon valence electrons have sp2 hybridization and one electron is delocalized.  The sp2 
orbitals form strong σ bonds between carbons in each layer while the delocalized 
electron (2s) forms π bonds between layers.  Even though the π bonds weakly (van der 
Waals forces) hold the layers together, they gave graphite high electrical conductivity 
due to their overlapping (electron cloud).  The strong σ covalent bonds give graphite 
high in-plane thermal conductivity.  The main difference between graphite’s structure 
(many graphene layers with an interspace of 0.335 nm) and the CNT’s structure is that 
in the former, the graphene layers are planar and in the last one they are curved [35].  It 
is important to mention that even though CNT are mainly formed of sp2 bonds, their 
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curvature introduces sp3 bonds.  As mentioned before, when more than one concentric 
graphene layer is founded the CNT are called MWCNT and when there is only one 
shell they are called SWCNT [36].  MWCNT diameters have values between 10 and 40 
nm and SWCNT have diameters around 1 nm.  The length in both cases is a thousand 
times larger than the diameter.  It is important to point out that SWCNT tend to 
assemble in bundles of 10 to 50 single tubes due to van der Waals interactions. 
The outstanding properties are directly related to the high aspect ratio 
(length/diameter) and to the orientation of the carbon rings with respect to the axis.  
These two characteristics are related to how the graphene sheet is rolled into a cylinder.  
This folding is directed by a chiral vector Ch (circumference of the CNT) whose 
components are n and m (both are integer numbers in the direction of the unit vectors a1 
and a2), and a chiral angle θ [36].  Ch and θ define the chirality and the diameter (d) of 
the tube.  
 
Ch = â1.n + â2.m 
d = √3aC-C (m2+mn+n2)1/2/π = Ch/ π (aC-C is the C-C bond length, 1.42Å) 
θ = tan-1[√3n/(2m+n)] 
 
Depending on the chirality, the CNT have different denominations (Fig. 12).  
They are called zigzag, (n,0), when the chiral angle is 0º, armchair,(n,n) when the chiral 
angle is 30º and the rest are called chiral tubes because they do not have a 
superimposable mirror image. [37].  The unit cell for each type of tubes is different in 
size and it can be seen as a translational cylinder along the tube axis.  
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Figure 12: Carbon nanotubes chiral map. 
 
 As it was mentioned before, CNT are mostly formed of sp2 bonds, having some 
sp3 bonds too.  It is important to mention that sp3 bonds are not only located on the tips 
but also in the walls generating defects [13].  Other types of defects are also present in 
the side of the walls such as elbow connections [38-42], tori, helices, vacancies, 
adatoms, etc. 
 
i.2.3- Properties  
i.2.3.1- Physical 
The chirality will determine if the tubes are metallics or semiconductors.  If n-m 
= 3q (where q is an integer) they are metallic as predicted by Dresselhaus et al. [43-45].  
Therefore, all the armchair tubes are metallic while only 1/3 of the zigzag and chiral 
tubes are metallic leaving the rest to the semiconductor classification.  It is important to 
point out that this will make a difference in the electronic behavior of the tubes. 
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Individual metallic tubes will have a non zero energy value at the Fermi level (there is 
no band gap between the valence and the conduction band) and the semiconductors will 
have an energy gap at the Fermi level (Fig 13). 
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Figure 13: Carbon nanotubes density of states. 
 
Most of the theoretical derivations related to the density of states were done for 
graphene where the curvature effect was not considered.  If this is considered, the 
position of the Fermi level can be affected.  While metallic armchairs remain metallic, 
zigzag and chiral tubes with small diameter can be transformed to semiconductors [13]. 
The electrical conductivity of CNT is due to the transport of electrons across the 
tubes.  CNT behave as quantum wires.  Metallic tubes show ballistic transportation 
where the electrons do not suffer resistivity and do not dissipate energy as they travel 
through the tube.  This ballistic behavior allows metallic tubes to conduct large current 
without getting hot.  On the other hand, semiconductor tubes show diffusive conduction 
[13]. 
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It has been seen in the literature [13,46] that typical values for the Young’s 
modulus and the tensile strength of CNT are 1000 GPa (5 times larger than steel) and 63 
GPa (50 times larger than steel), respectively.  CNT are stiff and strong while having 
low density.  All these characteristics together make them suitable materials to improve 
mechanical properties of different matrices.  CNT differ from carbon fibers in the fact 
that they can be exposed to stresses beyond the elastic point and they will return to their 
original shape if the stress is released.  The mechanical properties of CNT are related to 
their structure and defects.  It has been shown in the literature [13] that the stiffness 
increases with the tube diameter and that the Young’s modulus decreases with the 
amount of defects. 
Optically, CNT are also outstanding materials.  For example, due to their large 
penetration depth, thin films would be transparent.  The transparency in carbon 
materials is related to the absorption of visible light.  The sp3 bonds in diamond do not 
absorb visible light making this material transparent.  On the other hand, the π electrons 
in the sp2 bonds of soot absorb light in a wide range making them look black.  Graphite 
differs from soot in the high orientation of the graphene layers.  This orientation 
generates higher reflection that makes graphite look lighter than soot.  Different 
characterization techniques based on the optical properties of CNT such as optical 
absorption, fluorescence and Raman scattering are widely used. 
The thermal conductivity of CNT is, as the electrical conductivity, quantized 
being dominated by acoustic phonons.  It has been shown in the literature [47,48] that 
typical thermal conductivity values are in the order of 2000 W/m/K (Copper: 385 
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W/m/K).  It is important to mention that this value depends on the CNT material, 
arrangement and experimental temperature. 
 
i.2.3.2- Chemical   
 Functionalization of CNT is a widely used technique for different applications 
[49-51].  As mentioned by Harris [13], the reactivity depends on the curvature.  
Pyramidalization of the sp2 bonds increases the reactivity.  Therefore the tips and small 
diameter tubes are more reactive.  There are two different types of functionalization, 
covalent (fluorination, carbine addition, sylation etc.) and non-covalent (surfactants, 
polymers etc.). 
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CHAPTER 1 
1.1- Growth and characterization of Carbon Nanotubes 
The CNT presented in this work have been produced by CVD [1].  As 
mentioned before, this method is interesting not only for its cost effectiveness and 
scalability, but also because the CNT produced have a narrow chirality and diameter 
distribution. 
In this chapter, the selectivity and carbon yield of CNT produced using different 
catalysts are shown.  These catalysts are composed of different metals supported on 
either aluminum or silicon materials.  In particular, the metals used are cobalt and 
molybdenum.  The CNT have been synthesized by using different carbon sources.  
 The CNT have been characterized by using different analytical techniques, such 
as optical absorption, Raman scattering, electron microscopy and thermal analysis.  A 
brief description of these techniques is given below.  
 
Characterization techniques 
Infrared and UV-Vis spectroscopy  
In the infrared (IR) range, Raman scattering is used to obtain information about 
the structure and properties of molecules from their vibrational transitions.  This 
technique differs from IR absorption because it involves only one photon while Raman 
scattering involves two photons.  The photon generated in IR hits a molecule and when 
they are in resonance, disappears and the molecule gains the photon’s energy.  The 
molecules that present active modes in IR have to have dipole moments.  On the other 
hand, by using Raman scattering, polarizable molecules interact with a photon inducing 
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a dipole moment, then this induced dipole molecule emits a second photon.  The 
difference in energy between the first and the second photon is the Raman shift.  Figure 
14 shows a scheme of both vibrational techniques.  It can be seen that while for IR 
absorption there is only one step (photon) to reach the excited energy level, for Raman 
scattering there are two steps (photons) to reach the excited energy level.  As it can be 
seen also in Fig. 14, the energy levels that are reached by using Raman scattering are 
much higher that the ones that are reached by using IR absorption.  This would open the 
possibility that the photon energy approaches the transition energy to an excited 
electronic state.  When these phenomena happen, Raman scattering becomes resonance 
Raman scattering, where the scattering is dominated by the resonant electronic states 
[2].  When the resonance is strong, the non-resonant energy exchange is not important.  
 
IR absorption Raman 
scattering
hi hf
0
1 1
0
excited                
electronic states
hv
 
Figure 14: Energy level scheme for IR and Raman scattering. 
 
UV-Vis absorption is based on the IR absorption explained above, but in this 
case the wavelength range is between 200-900 nm.  
These techniques are used for the characterization of CNT.  Typical spectra for 
SWCNT are shown below.  
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Figure 15 shows the typical vibration modes (Raman scattering) used for the 
characterization of CNT.  The radial breathing mode (RBM) is related to the radial 
vibration of the CNT and the frequency varies inversely with the diameter.  The D band 
is related to disordered carbon and defects.  The G band is related to ordered or 
graphitic carbon and it is split in two modes, G+ and G-.  While the frequency of G- 
depends on the diameter, the frequency of G+ does not [3].  The G’ band is the second 
order harmonic of the D mode.  
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Figure 15: SWCNT typical Raman scattering spectrum. 
 
 Figure 16 shows the typical optical absorption (OA) spectrum of a SWCNT 
suspension.  This spectrum is composed of a non-resonant background related to all the 
suspended species and a resonant zone related to the optical transition of electrons in 
SWCNT.  The frequency is related to the chirality of the tubes [4].   
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Figure 16: SWCNT typical optical absorption spectrum. 
 
Temperature programmed oxidation (TPO) 
 This technique involves the oxidation of carbon with controlled amounts of O2 
to produce carbon dioxide that is monitored by using a detector (flame ionization 
detector or thermal conductivity detector) while the temperature increases.   
 
Electron microscopy 
 Scanning and transmission electron microscopy (SEM-TEM) are techniques that 
can be used to determine the shape and size of CNT.  When a sample is intersected by a 
primary electron beam, the electrons behave in different ways such as diffracted, 
transmitted and backscattered.  From each type of electron, different information can be 
collected.  Transmitted and diffracted electrons are used to generate images by 
transmission electron microscopy.  Scanning electron microcopy images are obtained 
by detecting secondary and backscattered electrons. 
(8,7) 
(7,6) 
(7,5)
(6,5) 
(6,5)
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As mentioned before, in this chapter are shown the selectivity and carbon yield 
of CNT produced by using catalysts supported on different materials, with different 
precursors and different carbon sources.  The first case presented is related to SWCNT 
produced by using Co-Mo (1:3) supported on silica and carbon monoxide as the carbon 
source.  The second case analyzed is related to MWCNT produced by using Co-Mo 
(1:3-3:1) supported on aluminum or silicon materials and different carbon sources 
(carbon monoxide and ethylene).  Different analytical techniques, such as OA, Raman 
scattering, SEM-TEM and thermal analysis have been used for characterization.  
 
1.1.1- Single Wall Carbon Nanotubes - Co-Mo (1:3) - silica - carbon monoxide as 
carbon source.  
As it has been published previously by our group [5-9], the bimetallic Co-Mo 
catalysts (CoMoCAT®) supported on high surface area silica are highly selective 
towards SWCNT.  However, the carbon yield obtained with these catalysts is in the 2-4 
wt % range.  Seeking catalysts with a more open structure to increase the carbon yield, 
different techniques have been used to develop new materials.  It is known that the sol-
gel method has been extensively used in the preparation of supported metal catalysts, 
since it typically results in highly homogenous materials with a high degree of metal 
dispersion [10-12].  For example, Pd/SiO2 catalysts for methane combustion prepared 
by the sol-gel method have not only exhibited higher surface area, narrower pore size 
distribution, and higher support thermal stability, but also higher resistance to metal 
particle sintering, with consequential lower deactivation [13].  Particularly relevant to 
the current work, this method has also been used to obtain active phases of Ni-Mo and 
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Co-Mo [14] bimetallic catalysts supported on silica for the oxidative dehydrogenation 
of alkanes.  It has been observed that catalysts prepared by the sol-gel method can 
stabilize the bimetallic active phases much more efficiently than those prepared by other 
methods.  Therefore, sol-gel appears as a suitable method to produce Co-Mo/SiO2 
catalysts for the synthesis of SWCNT.  
In order to obtain metal catalysts supported on high-surface area silica by the 
sol-gel method, the polymerization of an alkoxy-silane such as tetraethoxysilane 
(TEOS), also known as tetraethyl orthosilicate, is carried out in the presence of the 
appropriate metal precursors [15].  When exposed to water, the alkoxy-silane 
hydrolyses and, at different pH values, forms different monomeric species [16].  These 
species range from [Si(OH)3(OH2)]+ at pH=0 to [SiO2(OH)2]2- at pH=14.  Depending on 
the conditions, these species can condense and form oligomers at a different rate and 
with different configurations.  To accelerate the polymerization, a change in pH can be 
brought about by the addition of a base, which causes a rapid hydrolysis followed by 
polymerization.  Simultaneously with this polymerization process, the metal ions (e.g. 
Co and Mo) precipitate, thus forming a homogenous and well dispersed mixture.   
Previous studies [17,18] have shown that the final structure of the silica 
produced by sol-gel methods can be modified by varying preparation parameters such 
as type of alkoxide, presence of a catalyst (acidic or basic), water content, type of 
solvent and process temperature.  For example, it has been shown that the silica particle 
size increases with increasing concentration of alkoxide or ammonia as well as with 
increasing alcohol’s chain of the solvent [18].  By contrast, the particle size decreases 
when water concentration or process temperature increases [17].  When the sol-gel 
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method is used for the synthesis of supported metal catalysts, additional parameters 
related to the chemistry of the metal precursors such as the solubility, acidity and 
reactivity are also important.  
In this case, the effect of varying the ratio of the added ammonium hydroxide 
concentration has been studied, while keeping the other parameters constant.  The 
concentration of ammonium hydroxide has an important effect on the rate of 
polymerization [19] and consequently, we expect that it will affect significantly the 
resulting morphology.  In addition, a sol-gel catalyst prepared using a burnable 
sacrificial template which, after calcination results in an open micro-scale structure, was 
also studied.  This approach, known as sol-gel nano-coating and extensively employed 
by previous researchers to prepare structured materials [20], gives us the opportunity to 
investigate the influence of the micro-structure, while keeping the composition 
unchanged. 
  
1.1.1.1- Sol-gel method 
1.1.1.1.2- Experimental 
Four different powder catalysts and a micro-scale structured catalyst were 
prepared by the sol-gel method.  A constant total metal loading of 9 wt % of Co-Mo on 
SiO2 (Co/Mo molar ratio of 1:3) was kept in all preparations.  For the preparation of the 
powder catalysts, a solution of Co(NO3)2·6H2O (Sigma Aldrich) in isopropanol was 
combined with an aqueous solution of MoCl5 (Sigma Aldrich), then mixtures of 
tetraethyl orthosilicate (TEOS) and ammonium hydroxide (28 wt %) were added in 
different ratios.  The corresponding samples are designated as AT(1/6), AT(2/6), 
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AT(4/6) and AT(6/6), in which the numbers in parenthesis indicate the volume ratio of 
ammonium hydroxide to TEOS.  The four solutions were left to gel at room temperature 
for 20 h.  The resulting colors of the gels were different for all samples, going from a 
dark orange to a light violet as the ammonia concentration increased.  The gels were 
filtered and subsequently dried in air at 200 ºC for 30 min, and further calcined at 650 
°C for 150 min.  
To study the effect of incorporating a micro-scale structure in the sol-gel catalyst, 
a microporous tubular-shaped supported catalyst has been prepared by using a sol-gel 
preparation method and a tubular template.  The tubular template used was a carbon 
fiber (cloth 3K) with diameter of 5-10 m and cut in small pieces of about 5 mm long, 
purchased from Fiberlay, Inc.  In this case, the metal precursor solutions and the TEOS 
were mixed together with the carbon fiber template before adding the ammonium 
hydroxide.  The solution was left to gel at room temperature for 20 h, then filtered, 
subsequently dried at 200 ºC for 30 min, and finally calcined at 650 °C for 150 min.  It 
is important to mention that the sacrificial template was burned during the calcination 
process, which resulted in an open tubular micro-structure. 
The catalyst samples were previously reduced at 500 ºC for 30 min under H2 (125 
sccm) in a ½ inch quartz reactor placed in a vertical furnace.  After reduction, H2 was 
switched to He (125 sccm) to reach the reaction temperature (750 ºC).  Later, the carbon 
source (CO, 250 sccm) was flowed over the reduced catalyst for 30 min, while keeping 
the temperature at 750 ºC.  The system was finally cooled down under He flow. 
SWCNT suspensions for OA were prepared by ultra-sonicating (Horn Sonic 
Dismembrator, Model 500, Fisher scientific) the SWCNT/catalyst product in sodium 
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cholate (20 %w/v in deionized water (DI)-Sigma Aldrich) for 60 min at 7 mW power.  
The suspension was then centrifuged (Dupont Sorvall SS-3) for 30 min at 15,000 rpm to 
separate the nanotubes embedded catalyst from the suspendable nanotubes.  The 
supernatant liquid phase, which contains the nanotube suspended in surfactant, was 
collected for analysis in a Shimadzu UV-2101PC and a Bruker Equinox 55 FTNIR 
spectrophotometers. 
SEM in a JEOL JSM-880 and TEM in a JEOL 2000-FX Intermediate Voltage 
were conducted to visualize the morphology of the as-produced samples.  The 
suspensions for TEM analysis were prepared by suspending the SWCNT/catalyst 
product by mild sonication in isopropanol. 
 Thermo Gravimetric Analysis (TGA) was conducted in a TGAQ500 (TA 
instruments Inc.) under an air flow at 200 ºC for 15 min and then it was heated up at a 
rate of 5 ºC/min to 750 ºC.  Before each TGA measurement, the SWCNT/catalyst 
product was first heated in air to 300 ºC in an oven for 3 h to eliminate any amorphous 
carbon by oxidation.  Then, the product was stirred for several hours in aqueous 
solution of NH4HF2 (Sigma Aldrich) to dissolve the silica support, filtered and washed 
with DI water.  Finally, it was treated with 35 % HCl solution to dissolve the metal 
particles, further washed with DI water, filtered and dried under vacuum for 2 days. 
TPO of the SWCNT/catalyst product material using 80 sccm of 5% O2 in He has 
been done to characterize the carbon species present in the samples. 
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1.1.1.1.2- Results 
1.1.1.1.2.1- Optical absorption 
The OA spectra for the nanotubes obtained on the different sol-gel powder 
catalysts and on the microscale structured catalyst are shown in Figures 17(a) and (b), 
respectively. 
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Figure 17(a): OA spectra of SWCNT grown onto four Co-Mo/SiO2 powder catalysts with NH4OH/TEOS 
ratios from1/6 to 6/6. 
 
While the spectra of the products obtained on the powder catalysts show 
significant differences in absolute intensity from one catalyst to another, the relative 
intensities do not seem to vary significantly.  By contrast, a broader distribution of 
SWCNT species is apparent on the product obtained over the microscale structured 
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catalyst, with high intensity in the region corresponding to small diameter 
semiconducting tubes. 
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Figure 17(b): OA spectra of SWCNT grown onto a Co-Mo/SiO2 micro-structured catalyst with an 
NH4OH/TEOS ratio of 2/6. 
 
In order to quantify these variations, an analysis of the different (n,m) species in 
each sample has been conducted.  Table 1 shows the wavelength of the bands observed 
in the OA analysis together with (n,m) assignments for nanotubes that absorb near the 
observed wavelengths. 
Considering simultaneously the positions of both E11 and E22 transitions, we can 
accurately determine the (n,m) species in the product of the various catalysts.  
Accordingly, the stronger bands seen in Figure 17(a) for the powder catalysts can be 
assigned to the species (7,6) and (8,7).  Lower concentrations of (6,5), (7,5), and (8,6) 
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are also observed.  Much weaker bands are consistent with the presence of (8,4), (12,1), 
(9,2), and (9,4) species.  In contrast to the typical Co-Mo/SiO2 catalyst prepared by 
impregnation and used in our standard CoMoCAT® process, which yields to a product 
highly enriched in (6,5), the powder catalysts prepared by the sol-gel method result in a 
broader distribution of chiralities. 
 
Table 1:(n,m) assignments using observed optical absorption and Raman bands of the SWCNT grown 
onto Co-Mo/SiO2 powder catalysts. 
Wavelength (nm) of 
Observed optical 
absorption bands, E11
Wavelength (nm) of 
Observed optical 
absorption bands, E22
(n,m) with E11 and E22 
matching observed 
wavelengths
d (nm)
410 (5,5) 0.688
981 553 (6,5) 0.757
450 (6,6) 0.825
1033 649 (7,5) 0.829
1131 649 (7,6) 0.895
502 (7,7) 0.963
1131 594 (8,4) 0.84
1186 726 (8,6) 0.966
1271 726 (8,7) 1.032
553 (8,8) 1.1
1131 553 (9,2) 0.806
1066 726 (9,4) 0.916
1186 803 (12,1) 0.995
 
 
Figure 18(a) summarizes the distribution of the main chiralities for the different 
samples.  It can be observed that as the NH4OH/TEOS ratio increases from 2/6 to 6/6 
the average tube diameters decreases.  However, when the NH4OH/TEOS ratio is the 
lowest (1/6), the synthesis of small diameter tubes is also favored.  Figure 18(b) shows 
o o 
11 22 
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the intensity ratio between (8,7) and (7,6) species.  It can be seen that the sample 
AT(2/6) has the maximum (8,7)/(7,6) ratio.  
(6,5) (7,5) (7,6) (8,6) (8,7)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
R
el
at
iv
e 
ar
ea
(n,m)
 
Figure 18(a): (n,m) distribution of SWCNT grown onto four Co-Mo/SiO2 powder catalysts with 
NH4OH/TEOS ratios from1/6 to 6/6. 
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Figure 18(b): Ratio of the two observed main SWCNT chiralities (8,7) and (7,6) grown onto four         
Co-Mo/SiO2 powder catalysts with NH4OH/TEOS ratios from 1/6 to 6/6.  
 
Figure 18(c) shows the distribution of the different (n,m) SWCNT types 
obtained onto the microscale structured catalyst.  As mentioned above, a significant 
amount of SWCNT of smaller diameter, for example (6,5), is obtained, which is not 
seen on the powder catalysts.  The fraction of carbon nanotubes that remains in 
suspension after centrifugation has been calculated, and in all cases; it falls in the range 
of 30-60%. 
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Figure 18(c): (n,m) distribution of SWCNT grown onto a Co-Mo/SiO2 micro-structured catalyst  with an 
NH4OH/TEOS ratio of 2/6.  
 
1.1.1.1.2.2- Raman scattering 
Figures 19(a) and (b) show the Raman spectra of the SWCNT/catalyst product 
produced on the sol-gel powder, AT(1/6) to AT(6/6), and on the microscale structured 
catalysts, respectively.  In these measurements, the samples were studied as produced, 
that is, with the catalyst still embedded in the SWCNT product.  
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Figure 19(a): Raman spectra of SWCNT grown onto four Co-Mo/SiO2 powder catalysts with 
NH4OH/TEOS ratios from1/6 to 6/6. 
 
As described in previous publications [21], the Raman spectral region below 300 
cm-1 is related to the RBM, the region between 1250 and 1450 cm-1 (D band) is ascribed 
to disordered carbon and structural defects of the tubes, and the strong band between 
1540 and 1600 cm-1 (G band) is related to the graphene optical mode and is due to 
carbon atoms vibrations tangentially to the walls.  
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Figure 19(b): Raman spectrum of SWCNT grown onto Co-Mo/SiO2 micro-structured catalyst with an 
NH4OH/TEOS ratio of 2/6. 
 
The intensity ratios between the G and the D bands [6,22] have been typically 
used as nanotube selectivity indicators.  The calculated G/D ratios are shown in Fig. 20.  
In the sol-gel powder catalyst series, maxima in G/D values and carbon yields are 
obtained for the AT(2/6) sample.  Increasing or decreasing the NH4OH/TEOS ratio 
away from this optimum value results in losses for both the G/D ratio and carbon yield.  
In the case of the sol-gel microscale structured catalyst, the G/D value is as high as that 
of the best product, AT(2/6), from the powder catalyst series, but the carbon yield is 
much higher (24%).  As anticipated, the open structure of the sol-gel microscale 
structured catalyst resulted in an enhanced SWCNT yield. 
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Figure 20: G/D ratios and carbon yields (%) of SWCNT grown onto four Co-Mo/SiO2 powder catalysts 
with ammonia ratios from 1/6 to 6/6 (G/D ratios (▲) and carbon yield (%) (■)). G/D ratio and carbon 
yield (%) of SWCNT grow onto a micro-structured catalyst with an NH4OH /TEOS ratio of 2/6 (G/D 
ratio (Δ) and carbon yield (%) (□)). 
 
1.1.1.1.2.3- Electron microscopy 
 The TEM images in Figs. 21(a) to (c) confirm that the samples with 
NH4OH/TEOS ratios from 2/6 to 6/6 display high selectivity towards SWCNT, as 
anticipated from the SWCNT selectivity showed by the Raman spectra.  The TEM 
images also shown that the particle sizes of both the silica support and the Co-Mo 
moieties increase as the NH4OH/TEOS ratio increases from 2/6 to 6/6.  
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Figure 21(a): TEM image of SWCNT grown onto Co-Mo/SiO2 powder catalyst with NH4OH /TEOS ratio 
of 2/6. 
 
 
Figure 21(b): TEM image of SWCNT grown onto Co-Mo/SiO2 powder catalyst with NH4OH /TEOS ratio 
of 4/6. 
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Figure 21(c): TEM image of SWCNT grown onto Co-Mo/SiO2 powder catalyst with NH4OH /TEOS ratio 
of 6/6. 
 
Figure 22 shows an SEM image of SWCNT grown onto the microscale 
structured catalyst.  It can be seen that the catalyst tubular shape is kept after reaction 
and that the nanotubes have free space to grow with much less hindrance than on the 
more compact structure present in the powder catalysts.  As a result, the carbon yield is 
much higher on this open-structure catalyst than on the other catalysts. 
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Figure 22: SEM image of the SWCNT grown onto Co-Mo/SiO2 micro-structured catalyst with NH4OH 
/TEOS ratio of 2/6. 
 
1.1.1.1.2.4- Temperature programmed oxidation 
TPO profiles of the nanotube product obtained over two catalysts with the same 
NH4OH/TEOS ratio of 2/6, but prepared by either impregnation or the sol-gel method, 
are compared in Fig. 23(a).  It must be noted that the TPOs are obtained on the as-
produced nanotube product; that is, the sample still contains the Co-Mo/SiO2 catalyst, 
which certainly may participate in the oxidation process.  It is obvious that the oxidation 
temperatures for the samples prepared by using the sol-gel method with or without 
template appear at significantly higher temperatures than those on the impregnated 
catalyst.  
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Figure 23(a):  TPO profiles of SWCNT grown onto a Co-Mo/SiO2 impregnated catalyst, onto a sol-gel 
powder catalyst and onto a micro-structured catalyst. 
 
As discussed before [23], differences in oxidation temperature could indicate the 
presence of other forms of carbon, such as MWCNT or carbon fibers [24].  However, in 
this case detailed characterization results of the different products by other techniques 
do not support this explanation.  That is, while the AT(2/6) and the microstructured 
samples have the highest oxidation temperatures, they show the highest selectivity 
toward SWCNT.  Another possibility for the TPO shifts would be differences in the 
nanotube diameter. That is, the smaller diameter nanotubes are oxidized at lower 
temperatures.  However, as shown above, while the sol gel catalysts do result in slightly 
larger diameter than the standard impregnated catalyst (i.e., standard CoMoCAT®), 
these differences are not so substantial to explain the large shifts in TPO.  It is important 
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to keep in mind that the position of the TPO peaks is greatly affected by the state of 
aggregation of the nanotubes and the morphology of the catalyst itself.  The catalyst 
morphology and pore structure may affect the fraction of metal surface exposed, the 
insulating properties of the silica support, and the state of aggregation of the final 
product, which may affect the kinetics of the oxidation process.  At the same time, 
external heat and mass transfer effects may play a role, and they can vary from one type 
of support to the other. 
To further analyze these effects, two additional experiments were conducted.  
First, the heating ramp during the TPO analysis was varied.  As shown in Fig. 23(b), 
when the TPO was conducted at a heating rate of 5 °C/min instead of the standard 10 
°C/min, a slight shift to lower temperatures was observed.  This shift might indicate a 
small effect of heat transfer limitations; however, the shift is much smaller than the 
significant differences observed among the various catalysts.  Similarly, the second 
additional experiment, in which the powder catalyst (AT2/6) was physically diluted 
with silica (50-50%), did not show any significant effect.  As shown in Fig. 23(b), 
diluting the catalyst in half essentially resulted in a peak of 50% lower intensity, 
without any significant shift in position.  These experiments demonstrate that external 
heat and mass transfer effects have little influence, and therefore the differences 
observed in TPO should be related to the internal structure of each individual catalyst 
particle. 
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Figure 23(b):  TPO profiles of SWCNT grown onto a Co-Mo/SiO2 sol-gel powder catalyst oxidized at     
5 °C/min, 10 °C/min and a 50%-50% SWCNT-silica mixture. 
 
1.1.1.2 Impregnation 
As a comparison, the selectivity and carbon yield of SWCNT obtained by using 
the sol-gel catalyst, was compared with the corresponding one synthesized by using the 
CoMoCAT® process. 
 
1.1.1.2.1- Experimental 
 The CoMoCAT® catalyst preparation has been explained in previous publication 
[5-9,21,24,26,36].  Briefly, Co(NO3)2·6H2O and (NH4)6Mo7O24·4H2O (Sigma Aldrich) 
were impregnated by incipient wetness impregnation (IWI) onto a high-surface area silica 
(HiSil 210, S.A. 150 m2/g P.V. 1.1 ml/g), with a total metal loading of 2 wt % and a Co-
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Mo molar ratio of 1/3.  The wet powder was then dried at 110 °C for 12 hours and 
finally calcined at 500 °C for 3 h. 
The catalyst samples were previously reduced at 500 ºC for 30 min under H2 in a 
quartz reactor placed in a vertical furnace.  After reduction, H2 was switched to He to 
reach the reaction temperature (750 ºC).  Later, the carbon source (CO) was flowed over 
the reduced catalyst for a certain amount of time, while keeping the temperature at 750 
ºC.  The system was finally cooled down under He flow. 
 
1.1.1.2.2- Results 
Our group has previously published several papers related to the selectivity and 
carbon yield of SWCNT produced by the CoMoCAT® process [5-9,21,24,24,36].  As 
mentioned by Tan et al. [25], the typical absorption spectrum for the CoMoCAT® 
SWCNT shows high SWCNT and (n,m) selectivity as it can be seen in Fig. 24.  
 
Figure 24: OA spectrum of SWCNT produced by CO disproportionation on CoMoCAT®. [25] 
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Raman scattering has also been used to characterize the SWCNT selectivity of 
this product.  Monzon et al. [26] have shown that the G/D ratios for this SWCNT type is 
very high, meaning high SWCNT selectivity as it can be seen in Fig. 25. 
 
 
Figure 25: Raman scattering spectrum of SWCNT produced by CO disproportionation on CoMoCAT®. 
[26] 
 
The typical carbon yield obtained with this material can vary between 2-4 % 
depending on the reaction conditions.  
Figures 26(a) and (b) show SEM and TEM images of this material.  It can be 
seen that the SWCNT selectivity, as inferred by the previous analytical techniques, is 
very high.  
Figure 27 shows an Atomic Force Microscopy (AFM) image of this SWCNT 
material confirming the narrow distribution in diameter. 
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1 µm  
Figure 26(a): SEM image of SWCNT produced by CO disproportionation on CoMoCAT®. Courtesy of 
SouthWest NanoTechnologies. 
 
5 nm  
Figure 26(b): TEM image of SWCNT produced by CO disproportionation on CoMoCAT®. Courtesy of 
SouthWest NanoTechnologies. 
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Figure 27: AFM image of SWCNT produced by CO disproportionation on CoMoCAT®. 5x5 um. 
Courtesy of SouthWest NanoTechnologies. 
 
1.1.2- Multi Wall Carbon Nanotubes - Co-Mo (1:3) - silica/alumina - carbon 
monoxide or ethylene as carbon sources.  
The aiming of producing MWCNT is not only that they are less expensive than 
SWCNT, but also the fact that they are more suitable than SWCNT for certain 
applications.  Among all the uses, MWCNT have been primarily recognized as an 
electrically conducting component used in composites [27,28].  MWCNT can be also 
used as scanning probes on microscope tips for scanning tunneling microscope (STM) 
and AFM due to their ability to conduct.  Another application for aligned MWCNT is as 
biosensors [27,29].  As field emission sources, MWCNT can be used for flat panel 
displays, lamps, and X-ray and microwave generators [27].  
Gojny et al. [30] have shown that dispersability and mechanical reinforcement 
properties are compromised.  They have shown that, while the mechanical 
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reinforcement properties are better when the number of walls is smaller, the 
dispersability on the other hand is worse. 
Since for different applications, MWCNT with different structural properties are 
required, it is desirable to control their morphology.  Even though previous studies 
related to the catalytic parameters that affect the MWCNT structure have been done 
[31], controlled morphology studies are still needed. 
Co/-Al2O3 and Co-Mo/-Al2O3 [32-35] catalysts have been widely studied since 
they are the most important catalysts used for the hydrodesulfuration of petroleum in 
the refinery industry.  In this case, these catalysts are used to produce CNT.  In this 
work, not only the activity toward CNT is studied [5-9,21,24,25,36], but also the metal-
support interaction using different alumina supports.  It has been shown in previous 
publications that the metals can either diffuse into the support matrix or be buried when 
the catalyst is synthesized.  This phenomenon affects the CNT selectivity and carbon 
yield [36]. 
 Our group has a vast experience on producing SWCNT by using catalysts 
composed of cobalt and an excess of molybdenum supported on high surface area silica.   
In order to produce MWCNT, it will be ideal to use all this knowledge to be able to 
control their structure.  For this reason, different variations have been tried starting from 
the regular catalysts formulation but changing the carbon source and the support to 
finally arrive to a new formulation that shows high activity and selectivity to MWCNT 
as it will be shown in the next section. 
 This section shows the transition between the regular catalyst formulation and 
typical reaction conditions to an optimized formulation and reaction conditions. 
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1.1.2.1- Co-Mo (1:3) - silica - ethylene as carbon source. 
 As mentioned before, these catalysts and reaction conditions are a transition 
between the original formulation to obtain high SWCNT selectivity and the desirable 
formulation to obtain high MWCNT selectivity with controlled structure. 
Keeping the cobalt to molybdenum molar ratio constant and equal to 1:3 and 
silica as support, the first experiment consisted on changing the carbon source from 
carbon monoxide to ethylene.  The second set of experiments was done by changing the 
silica support by commercial alumina while keeping the rest of the parameters constant. 
 
1.1.2.1.1- Experimental 
 For the first set of experiments two different catalysts were prepared using 
cobalt and molybdenum as precursors.  One of the samples was prepared by IWI onto a 
high-surface area silica (HiSil 210, S.A. 150 m2/g P.V. 1.1 ml/g), with a total metal 
loading of 2 wt % and a Co-Mo molar ratio of 1/3, as it was explained in section 
1.1.1.2.1.  The second sample was prepared by the sol-gel method as it was explained in 
section 1.1.1.1.2. 
 For the second set of experiments, two other catalysts were prepared using 
cobalt and molybdenum as precursors.  One of the sample was prepared by incipient 
wetness impregnation (IWI) onto γ-alumina (aluminum oxide, gamma phase, 255 m2/g, 
1.14 ml/g), with a total metal loading of 2 wt % and a Co-Mo molar ratio of 1/3 as it 
was explained in section 1.1.1.2.1.  The second sample was prepared by the sol-gel 
method. 
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In order to grow CNT, both samples were reduced under H2 at 500 °C for 30 
min, then the temperature was raised to 700 °C under N2 and a 30 % C2H4/N2 mixture 
was fed for 20 min.  The reactor was finally cool down under N2 to room temperature. 
 
1.1.2.1.2- Results 
SEM was used to visualize the reaction products.  Figures 28(a) and (b) 
correspond to the product obtained by using Co-Mo (1:3) supported on silica and using 
ethylene as carbon source.  As it can be seen, none of the catalysts was highly active 
and selective towards MWCNT.  In the particular case of the sample prepared by the 
sol-gel method, it can be seen that mostly amorphous carbon was formed. 
 
 
Figure 28(a): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 1:3) catalysts.        
Co-Mo/SiO2. Impregnation. Carbon source to synthesize the CNT: ethylene. 
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Figure 28(b): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 1:3) catalysts.       
Co-Mo/SiO2. Sol-gel. Carbon source to synthesize the CNT: ethylene. 
 
 Raman scattering was also conducted and it is worth mentioning that in both 
cases the spectra showed highly disordered carbon structures. 
It is also important to explain that when these catalysts formulation was used, 
the minimum reaction temperature to have activity was 700 ° C. 
 As with the previous formulation, SEM was used to visualize the reaction 
products obtained by using Co-Mo (1:3) supported on alumina and using ethylene as 
carbon source.  Figures 29(a) and (b) show that the activity was very low.  However, by 
using Raman scattering, these catalysts showed more selectivity towards MWCNT that 
in the previous ones.  Therefore, the alumina support seems to be making the catalysts 
more selective towards the desirable carbon product.  For this reason in the next section 
different aluminum materials used as supports will be studied and compared. In order to 
increase the yield, the Co-Mo ratio will be also modified from 1:3 to 3:1. 
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Figure 29(a): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 1:3) catalysts.        
Co-Mo/γ-Al2O3. Impregnation. Carbon source to synthesize the CNT: ethylene. 
 
 
Figure 29(b): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 1:3) catalysts.       
Co-Mo/γ-Al2O3. Sol-gel. Carbon source to synthesize the CNT: ethylene. 
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1.1.3- Multi Wall Carbon Nanotubes - Co-Mo (3:1) - alumina/silica - carbon 
monoxide or ethylene as carbon sources. 
As it was mentioned before, in this section studies related to catalysts composed 
of Co-Mo with an excess of cobalt are shown.  The supports used were mostly 
aluminum materials [37-39] and the carbon source was ethylene.  As a comparison, the 
same formulation supported on silica and/or using carbon monoxide as carbon source 
are included. 
 
1.1.3.1- Experimental 
Two bimetallic catalysts (cobalt-molybdenum, 3:1 molar ratio) were prepared 
with 2 wt % of metal loading on different alumina supports by IWI.  Another two 
samples, in this case monometallic (cobalt), with the same cobalt loading as the 
bimetallic samples were prepared for comparison.  The metal precursors used were 
Co(NO3)2·6H2O and (NH4)6Mo7O24·4H2O (Sigma Aldrich), and the supports were γ-
Al2O3 (Sigma Aldrich) and Al(OH)3 (gibbsite, Spectrum).  The catalysts were named 
Co-Moγ-Al2O3, Co-MoAl(OH)3, Coγ-Al2O3 and CoAl(OH)3.  All the samples were dried for 8 h at 
130 °C and then calcined at 450 °C for 3 h under air.  A series of monometallic cobalt 
catalysts varying the metal loading supported on either Al(OH)3 or γ-Al2O3 was also 
synthesized. 
As a comparison, both monometallic and bimetallic catalysts were prepared 
using SiO2 (Hisil 210, PPG) as support.  They were named Co-MoSiO2 and CoSiO2.  To 
further study the metal-support interaction when silica is used as support, two different 
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samples in which the precursors were impregnated (IWI) simultaneously (Co-Mo1:3-SiO2 
SIM) or sequentially (Co-Mo1:3-SiO2 SEQ) with a molar ratio of 1:3 were synthesized. 
The bimetallic catalysts were placed in a vertical quartz reactor and pre-reduced 
under H2 at 500 °C for 30 min.  Once the reaction temperature was reached (700 °C) 
under He, the carbon source was fed (ethylene or carbon monoxide) for 20 min.  The 
final product (as-produced CNT) was cooled down under He/N2 to room temperature. 
SEM, TEM and TPO with the same characteristics and experimental conditions 
described before were used to characterize the products obtained.  
 
1.1.3.2- Results 
1.1.3.2.1- Scanning electron microscopy 
As it was mentioned before, the bimetallic catalysts were used to grow CNT by 
using different carbon sources.  Figures 30(a) to (c) shows the SEM images of the as-
produced CNT samples synthesized by using ethylene as carbon source.  It can be seen 
that both the CNT selectivity and carbon yield differ for the different catalysts.  
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Figure 30(a): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.        
Co-MoSiO2. Carbon source to synthesize the CNT: ethylene. 
 
 
Figure 30(b): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.       
Co-Moγ-Al2O3. Carbon source to synthesize the CNT: ethylene. 
 
1 µm 
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Figure 30(c): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.        
Co-MoAl(OH)3. Carbon source to synthesize the CNT: ethylene. 
 
Figures 31(a) to (c) show the SEM images of the as-produced CNT samples 
synthesized by using carbon monoxide as carbon source.  In both cases, either using 
ethylene or carbon monoxide, it can be seen that when cobalt and molybdenum are 
supported on Al(OH)3, the carbon yield [40] seems to be the highest.  It is important to 
mention that these SEM images are used to visualize the samples and not to measure the 
CNT selectivity and carbon yield. 
1 µm 20 kx 15 kV 
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Figure 31(a): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.        
Co-MoSiO2. Carbon source to synthesize the CNT: carbon monoxide. 
 
 
Figure 31(b): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.       
Co-Moγ-Al2O3. Carbon source to synthesize the CNT: carbon monoxide. 
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Figure 31(c): SEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.        
Co-MoAl(OH)3. Carbon source to synthesize the CNT: carbon monoxide. 
 
1.1.3.2.2- Transmission electron microscopy 
Figures 32(a) to (c) and 33(a) to (c) show TEM images obtained from the as-
produced CNT grown onto the bimetallic catalysts using ethylene or carbon monoxide 
as carbon sources, respectively.  It can be seen that the overall CNT selectivity and 
carbon yield were always the best when the support used was Al(OH)3.  The images 
corresponding to the CNT grown onto the catalyst conformed of Co-Mo on, either γ-
Al2O3 or SiO2, shown that most of the as-produced material is catalyst and that the CNT 
seem to be thin and defective.  It is also important to mention that the Fig. 33(a), 
corresponding to CNT grown onto Co-Mo/SiO2 by using carbon monoxide as carbon 
source, seems to show that the CNT selectivity and carbon yield similar to the ones 
obtained when the CNT were grown onto Co-Mo/Al(OH)3.  However, as it has been 
seen doing TPO analysis, the yield is the lowest (Figs. 34(a) and (b)). 
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Figure 32(a): TEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.       
Co-MoSiO2. Carbon source to synthesize the CNT: ethylene. 
 
 
Figure 32(b): TEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.       
Co-Moγ-Al2O3. Carbon source to synthesize the CNT: ethylene. 
 
50 nm 
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Figure 32(c): TEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.       
Co-MoAl(OH)3. Carbon source to synthesize the CNT: ethylene. 
 
 
Figure 33(a): TEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.       
Co-MoSiO2. Carbon source to synthesize the CNT: carbon monoxide. 
 
50 nm
50 nm 
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Figure 33(b): TEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.       
Co-Moγ-Al2O3. Carbon source to synthesize the CNT: carbon monoxide. 
 
 
Figure 33(c): TEM images of the as-produced CNT growth onto bimetallic (Co-Mo 3:1) catalysts.       
Co-MoAl(OH)3. Carbon source to synthesize the CNT: carbon monoxide. 
 
1.1.3.2.3- Temperature programmed oxidation 
Figures 34(a) and (b) show the TPO profiles of the as-produced CNT grown by 
decomposition of different carbon sources (ethylene or carbon monoxide) onto the 
50 nm 
50 nm
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bimetallic catalysts.  As an overall impression it can be seen that when the carbon 
source used was ethylene (Fig 34(a)), the oxidation temperatures were lower and the 
carbon content is slightly higher than in the case were carbon monoxide was used.  
Comparing the carbon yields when the different supports are used, it can be seen that it 
decreases in this way Al(OH)3>γ-Al2O3> SiO2. 
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Figure 34(a): TPO profiles of the CNT grown onto bimetallic (Co-Mo 3:1) catalysts. Carbon source to 
synthesize the CNT: ethylene. 
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Figure 34(b): TPO profiles of the CNT grown onto the bimetallic (Co-Mo 3:1) catalysts. Carbon source to 
synthesize the CNT: carbon monoxide. 
 
 
1.1.3.2.4- CNT diameter distribution of as-produced samples  
TEM has been used to obtain the external diameter distribution of CNT grown 
by feeding different carbon sources onto the same catalyst.  It is important to mention 
that these results were obtained from the bimetallic catalysts prepared using Al(OH)3 as 
support because they had the highest carbon yield allowing to have a better statistical 
result. 
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Figure 35(a) shows the distribution when ethylene was used as carbon source 
and Fig. 35(b) shows the distribution when carbon monoxide was used as carbon 
source.  If the distributions are compared, it can be seen that with ethylene the average 
diameter is around 11 nm, while in the case of carbon monoxide, two different sizes are 
seem to be formed, 7 nm and 11 nm. 
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Figure 35(a): External diameter distribution of the as-produced CNT growth onto Co-MoAl(OH)3 by using 
ethylene as carbon source. 
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Figure 35(b): External diameter distribution of the as-produced CNT growth onto Co-MoAl(OH)3 by using 
carbon monoxide as carbon source. 
 
 As it was mentioned before, while the CNT’s external diameter seems to have 
uniform distribution when using ethylene as carbon source, it shows dual distribution 
when carbon monoxide was used as carbon source.  This is in agreement with the 
results obtained from the “same spot-TEM” analysis shown in chapter 2.  Carbon 
monoxide might be reducing the cobalt and, thus, a distribution of cobalt cluster sizes 
might be forming leading to a wider distribution of CNT diameters.  On the other hand, 
ethylene did not show any reducing effects leading to more uniform metal cluster sizes.  
Though, a more uniform CNT distribution is expected. 
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1.2- Conclusions 
It was shown that the sol-gel preparation method has versatility to change the 
selectivity and carbon yield of the SWCNT produced.  Different ammonia 
concentrations in the preparation of the sol-gel samples lead to catalysts with a variety 
of performances.  It has been seen that extremes of ammonia concentration are 
detrimental to the selectivity and carbon yield of the SWCNT synthesized. 
It has also been shown that the production of MWCNT by tailoring Co-Mo 
supported catalysts that were primarily selective towards SWCNT was successful.  
MWCNT with controlled structure and yield have been produced by adjusting the 
metal-support and gas-support interactions.  It has been seen that bimetallic Co-Mo 
catalysts with excess cobalt supported on aluminum hydroxide had the best 
performance.  
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CHAPTER 2 
2.1- Characterization of catalysts selective towards CNT 
Our group has developed the well-known CoMoCAT® catalyst to produce 
SWCNT.  This catalyst is prepared by incipient wetness impregnation (IWI) of a silica 
support with an aqueous solution of the cobalt (Co) and molybdenum (Mo) precursors.  
Then, it is dried at 110 °C for 12 h and calcined at 500 °C for 3 h.  The catalyst is then 
reduced under H2, heated up to the reaction temperature (700 °C – 900 °C) under He 
and then the carbon source (e.g. carbon monoxide, CO) is introduced.  It has been 
proved by different characterization techniques (EXAFS, Raman scattering, XANES, 
etc.) that the interaction between molybdenum and cobalt is essential to grow SWCNT.  
Molybdenum stabilizes cobalt forming a CoMoO4 phases on Mo oxide species, during 
the calcination process.  In the pre-reduction process under H2, molybdenum is reduced 
from MoVI to MoIV and only when the CO is in contact with the oxide, the molybdenum 
is reduced to MoII, forming molybdenum carbide and the cobalt is reduced to metallic 
cobalt and segregated to the surface.  The CO decomposes (Boudouard reaction) on the 
metallic cobalt surface and diffuses into the particle, creating a difference in the carbon 
concentration between the surface and the center of the particle, which would be the 
driving force for the SWCNT growth.  The migration and agglomeration on clusters of 
metallic cobalt on the surface is called the nucleation.  There is a certain cluster size and 
carbon concentration needed to start the SWCNT growth (this is called the embryo) [1-
3]. 
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The catalysts have been characterized by using different analytical techniques, 
such as OA, Raman scattering, SEM-TEM and thermal analysis.  A brief description of 
these techniques is given below. 
 
Characterization techniques 
Temperature programmed reduction (TPR) 
This technique involves the reduction of oxide species with controlled amounts 
of H2.  The H2 consumption is detected by a thermal conductivity detector (TCD) while 
the temperature increases. An scheme of the experiment set up is shown in Fig. 36. 
 
Ar
H2
TCD
T
Programmer
Reactor
Dryer
 
Figure 36: Temperature programmed reduction set up. 
 
X-ray diffraction (XRD) 
The electronic cloud surrounding an atom is modify when X-rays (wavelength 
comparable with inter atomic distances) are incident, leading to the scattering of waves 
with the same frequency (Fig. 37(a)).  
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Figure 37(a): Incident X-ray and scattered waves on atoms lattices. 
 
The scattered waves can interfere constructively or destructively as it is shown 
in Fig 37(b).  
 
Figure 37(b): Phase shift scheme showing constructive and destructive interferences. 
 
The interference is constructive when the phase shift is a multiple of 2π as 
established by the Bragg’s law shown below. This constructive interference gives a 
diffraction pattern. 
nλ=2dsinθ                               (Bragg’s law) 
 
Being, n an integer, λ the wavelength of incident X-ray wave, d the spacing 
between the planes in the atomic lattice, and θ the angle between the incident X-ray and 
the scattering planes.  Figure 38 shows, as an example, an X-ray diffraction pattern of a 
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spent CoMoCAT® catalyst sample.  Monzon et al. [4] published this pattern and 
identified each phase present in the analyzed sample. 
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Figure 38: X-ray diffraction pattern of spent CoMoCAT® catalyst, [4]. 
 
Electron microscopy (same spot) 
 Electron microscopy techniques have been described in Chapter 1, section 1.1. 
In this particular case, a particular experiment using transmission electron microscopy is 
described.  This methodology was developed by a member of our group, L. Zhang.  
 This technique is useful to study the evolution of a catalyst structure following 
the same nanometric particle after different treatments at high temperatures.  Figure 
39(a) is an scheme of the methodology.  
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Figure 39(a): Methodology scheme for same spot TEM technique. 
 
First, the catalyst is deposited onto a grid conformed by holes arranged as in a 
matrix (Fig. 39(b)). In this way if the grid is always aligned in the same way, the same 
hole can be checked up after each step.  After the catalyst deposition, the sample is 
calcined and a first set of images are taken. Then, the grid is introduced in a reactor and 
pre-reduced under hydrogen. Once the sample is cooled down, a second set of images is 
taken. Finally, the grid is set again in the reactor and once the reaction temperature is 
reached under helium, the carbon source is fed for 1 minute. Then the system is cooled 
down and the last set of images is taken. 
 
1 
2 
3 
4
4    3   2    1 
TEM holder alignment
 
Figure 39(b): Silicon carbide grid used for same spot TEM technique. 
 
Figure 39(c) shows an example done by L. Zhang.  The same catalyst particle 
has been followed and imaged after calcination, reduction and reaction.   
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Figure 39(c): Same spot TEM technique applied to a selective catalyst toward SWCNT.                
Courtesy of L. Zhang. 
 
UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) 
 When the UV-Vis light interacts with the sample, it can be reflected or 
transmitted.  The reflected or scattered light is finally collected by a spherical mirror, as 
shown in Fig. 40, and the light is analyzed by a detector. 
 
UV-vis light
UV-vis light
 
Figure 40: UV-Vis Diffuse reflectance spectroscopy scheme. 
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X-ray photoelectron spectroscopy (XPS) 
 XPS is a quantitative technique that measures the composition and chemical-
electronic state of the elements on the surface of a sample. An incident beam of X-rays 
in the sample excites the electrons and make them escape.  These electrons are then 
collected by an analyzer and their kinetic energy is measured.  This technique requires 
ultra-high vacuum conditions. Figure 41 shows an scheme of the XPS set up. 
 
 
Figure 41: X-ray photoelectron spectroscopy set up. 
 
 Other techniques such as Raman scattering were used to characterize catalyst 
that are shown in this chapter.  These techniques have been already explained in chapter 
1, section 1.1. 
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2.1.1- Co-Mo (1:3) - silica 
2.1.1.1- Sol gel 
The experimental part related to this catalyst has been presented in Chapter 1, 
section 1.1.1.1.2.  The characterization using different analytical techniques is shown 
below.  
The calcined catalysts were characterized by TPR.  The samples were placed in a 
vertical quartz reactor and heated to 750 ºC under He.  After they were cooled down, the 
reduction of the oxide species under 20 sccm of a 5 % H2/Ar was measured.  
Raman spectroscopy characterization of the catalyst samples was conducted in a 
Jovin Yvon-Horiba Lab Raman equipped with a CCD detector and with a laser excitation of 
633 nm (He–Ne laser).  The collection time was 60 s. and several spectra from different 
spots were averaged for each sample.  X-Ray Diffraction (XRD) characterization was 
conducted in Bruker AXS Discovery G8, equipped with a GADDS detector.  The 
diffraction patterns were obtained for the catalysts pre-heated in He at 750C.  The micro-
scale structured catalyst was characterized by SEM in a JSM-880 SEM microscope. 
 
2.1.1.1.1- Raman scattering 
Figure 42 shows the Raman spectra for the sol-gel calcined powder catalyst 
samples.  For comparison, the spectrum of a pure silica sample (calcined TEOS) is 
included.  Without the presence of Co or Mo, the pure silica sample exhibits main bands 
at 431, 495, 606, and 713 cm-1.  As discussed in the literature [5-8], the peak at 431 cm-1 
is related to the bending of Si-O-Si bonds, the peaks at 495 cm-1 and 606 cm-1 are 
related to the vibration of four and three-membered silica rings, and the peak at 713  
cm-1 is related to the symmetric stretching of the Si-O-Si bonds.  Secondary bands are 
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also observed at 820 cm-1 and are related to the symmetric stretching of the Si-O-Si 
bonds, the band at 978 cm-1 to the Si-OH stretching, and the band at 1076 cm-1 to the 
asymmetric stretching of the Si-O-Si bonds.  On the other hand, the calcined Co-
Mo/SiO2 catalysts, in addition to the bands due to SiO2, exhibit main peaks between 900 
and 1000 cm-1, which vary in intensity among the samples in the series.  These bands 
are due to the Mo-O-Co stretching in α- and β-CoMoO4 species [9-11] with some 
contribution from bands corresponding to Mo oxides [12], which are also present on the 
sample since Mo is in excess (i.e., Co/Mo 1/3).   
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Figure 427: Raman spectra of four Co-Mo/SiO2 powder calcined catalysts with NH4OH/TEOS ratios 
from 1/6 to 6/6 compared with the spectra of pure calcined TEOS.  
 
The intensity of these bands provides a semi-quantitative measurement of the 
presence of CoMoO4 and Mo oxide crystallites.  Specifically, while the intensity of 
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these bands is very low and about the same for all the samples with an NH4OH/TEOS 
ratio between 2/6 and 6/6, they are prominent for the sample with a ratio of 1/6, 
indicating the presence of larger crystals in this sample. 
 
2.1.1.1.2- Temperature programmed reduction  
The TPR profiles for three of the powder catalyst samples are summarized in 
Figure 43(a).  It can be seen that for the sample with the lowest NH4OH/TEOS ratio, 
AT(1/6), the H2 consumption was significantly larger than those of the other catalysts.  
The rate of hydrogen consumption decreases after about 800 °C, about equally for the 
three catalysts.  By contrast, for the other two, the hydrogen uptake is practically the 
same, while the maximum reduction peaks slightly shift to higher temperatures as the 
NH4OH/TEOS ratio increases from AT(4/6) to AT(6/6).  Figure 43(b) shows the TPR 
profile of the AT(2/6) sample which reduces at lower temperatures than the other 
samples in the series, but has about the same H2 consumption as the samples with 
NH4OH/TEOS ratios of 4/6 and 6/6.  The differences in reducibility could be due to one 
of the following characteristics: (a) different degree of oxide crystallinity; (b) different 
CoMoOx compositions, or (c) different gas accessibility.  A higher degree of 
crystallinity in the AT(6/6) sample, which would require a higher reduction 
temperature, should have been detected by Raman or XRD.  In fact, sample AT(1/6) 
does show intense Raman bands confirming the presence of large Co molybdate 
crystals, but yet, the reduction does not shift to higher temperatures.  Likewise, 
differences in composition as the NH4OH/TEOS ratio increases could also cause an 
increment in reduction temperature if the clusters were more enriched in Mo.   
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However, if this was the case, these oxides should have shown different Raman shifts 
for the different catalysts, but there were no differences.  
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Figure 43(a): TPR profiles of three Co-Mo/SiO2 calcined powders with NH4OH/TEOS ratios from1/6 to 
6/6. The samples were previously pre-heated under He to 750 °C. 
 
Therefore, we ascribe the increase in reduction temperature with increasing 
NH4OH/TEOS ratio to lower accessibility, as Co and Mo species remain partially 
encapsulated by the silica support.  Occlusion of cobalt has been extensively studied on 
MCM-41 structures [13-21].  
The TPR profile for the open microstructure sample is included in Fig. 43(b) as 
a comparison.  It can be seen that the profile differs from the powder catalyst, and this 
difference may be related to the differences in structure, for example, gas accessibility.  
For comparison, Fig. 43(c) shows the TPR for the monometallic catalysts, Co/SiO2 and 
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Mo/SiO2, prepared by the sol-gel method and the Co/SiO2 and Mo/SiO2 prepared by 
impregnation.  It can be seen that Co reduces at higher temperatures on the sol-gel 
catalyst than the impregnated catalysts.  As discussed above, this difference is due to the 
lower accessibility of Co on the samples prepared by sol-gel. 
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Figure 43(b): TPR profile of a Co-Mo/SiO2 calcined powders with NH4OH/TEOS ratios of 2/6 and TPR 
profile of the micro-structured catalyst. The samples were previously pre-heated under He to 750 °C. 
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Figure 43(c): TPR profiles of  monometallic Co/SiO2 and Mo/SiO2 calcined powder catalysts prepared by 
impregnation (imp) or using the sol gel method (SG). The samples were calcined and pre-heated under 
He to 750 °C before the TPR analysis was conducted. 
 
2.1.1.1.2-  X-ray diffraction 
Figure 44 shows the diffractograms for the four powder catalysts obtained after 
heating under He at 750 °C.  Two sharp diffraction peaks are observed at 21° and 23°, 
and they can be ascribed to cristoballite-like and tridymite-like crystalline silica phases.  
It can be seen that increasing the NH4OH/TEOS ratio from 1/6 to 6/6, the silica particles 
not only become larger but also more crystalline.  These differences have not been seen 
in Raman because this is a shorter range analysis than XRD.  The lack of crystallinity 
exhibited by the AT(1/6) can be due to the low extent of silica polymerization in the 
sample prepared with low ammonium content.  
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Figure 44: XRD diffractograms of four Co-Mo/SiO2 calcined powder catalysts with NH4OH/TEOS ratios 
from 1/6 to 6/6. The samples were previously pre-heated under He to 750 °C. 
 
2.1.1.1.3- Transmission electron microscopy 
As it was mention in Chapter 1, section 1.1.1.1.2, a sol-gel microscale structured 
catalyst has been also used to produce CNT.  As illustrated schematically in Fig. 45(a) 
and (b), the carbonaceous tubular template can be burnt away during calcination, 
leaving a tubular SiO2 shell that preserves the shape of the sacrificial template, as 
shown in previous studies [22,23].  The characterization of this calcined sample is 
shown below.  
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Figure 45(a): Schematic description of the micro-structured catalyst preparation. 
 
 
Figure 45(b): SEM image of the micro-structured Co-Mo/SiO2 catalyst after calcination. 
 
Figures 46(a) and (b) show in detail the morphology of the two samples that 
produce the lowest nanotube yields, AT(1/6) and AT(6/6).  It can be seen that while in 
the latter, a large fraction of the Co-Mo particles are surrounded by a silica layer, in the 
former, the metal particles remain exposed to the gas phase.  However, in agreement 
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with the Raman results, the size of these exposed Co-Mo crystallites is comparatively 
large (∼10 nm).  Previous investigations [24] have demonstrated that by increasing the 
concentration of the hydrolysis catalyst (NH4OH, in this case) the average size of the 
silica particle tends to increase.  A rapid increase due to a high concentration of NH4OH 
in the case of sample AT(6/6) may result in encapsulation of the Co-Mo species, as 
observed.  On the other hand, when the NH4OH concentration is too low, that is, 
AT(1/6), the extent of polymerization is low and consequently there are not enough 
silica particles to keep Co-Mo species separate, so they agglomerate during synthesis 
and produce large crystallites, as clearly seen by TEM and Raman.  From the analysis 
of the carbon yields and Raman G/D ratios shown in Chapter 1, section 1.1.1.1.2.2, Fig.  
20, it is obvious that both extremes are detrimental for nanotube carbon yield, as well as 
the SWCNT selectivity.  First, if the active species are trapped by the support, one can 
obviously expect a low carbon yield.  Second, large Co-Mo crystallites also have a low 
fraction of Co exposed to the gas phase, which causes both low carbon yield and  
SWCNT selectivity, as previously shown [25-29].  Therefore, in the AT(2/6) sample the 
concentration of NH4OH seems to be optimum, not resulting in large Co-Mo 
crystallites, which are nonselective and are formed when the extent of silica 
polymerization is low, nor forming silica-encapsulated Co-Mo moietes, which have low 
catalytic activity and are formed when the silica polymerization is fast.  
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Figure 46(a): TEM image of SWCNT grown onto Co-Mo/SiO2 powder catalyst with 
NH4OH/TEOS ratio of 1/6. 
 
 
Figure 46(b): TEM image of SWCNT grown onto Co-Mo/SiO2 powder catalyst with 
NH4OH/TEOS ratio of 6/6. 
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2.1.1.2- Impregnation 
As it was mentioned before, our group has developed the CoMoCAT® catalyst 
that produces tubes with high SWCNT selectivity.  Several publications [1-3,10,25-29] 
have shown this. In order to compared the previous Co-Mo (1:3) supported on silica and 
prepared by the sol-gel method with the impregnated case, a brief review of the results 
shown in our group publications related to the CoMoCAT® catalyst is shown next. 
Herrera et. al [28] have compared the Raman scattering spectra of calcined 
cobalt molybdenum catalysts with a molar ratio of 1 to 3 impregnated on silica with 
commercial molybdenum, cobalt and cobalt molybdate oxides.  It can be seen in Fig. 47 
that when the calcined catalysts was compared with commercial MoO3 and CoMoO4, 
the spectrum was similar to the last one.  Therefore they have concluded that cobalt and 
molybdenum are forming cobalt molybdate oxides when the catalysts are calcined. 
 
Figure 47: Raman scattering spectra Co-Mo/SiO2 (1:3). Impregnation. [28] 
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In a different publication, Herrera et al. [2] have also compared the calcined 
catalysts spectrum with the one corresponding to Co3O4 showing that cobalt is not 
forming cobalt oxides.  In this same publication Herrera et al. [2] also studied the oxide 
species in the calcined catalysts by conducting TPR.  They have compared 
monometallic cobalt and molybdenum catalysts with the bimetallic one and the results 
are shown in Fig. 48.  It can be observed that most of the cobalt in the bimetallic 
catalyst is interacting with molybdenum and not forming cobalt oxides. 
 
Figure 48: TPR profiles Co-Mo/SiO2 (1:3). Impregnation. [2] 
 
 Figure 49 shows a typical TEM image of the CoMoCAT® catalyst. It can be 
seen that the size of the catalysts particles is between 10-50 nm.  The magnification of 
this image does not allow differentiating the active metallic nanoparticles from the silica 
support.    
CHAPTER 2: Characterization of catalysts selective toward carbon nanotubes 
 
 93
20 nm
 
Figure 49: TEM image of Co-Mo/SiO2 (1:3). Impregnation. Courtesy of SouthWest NanoTechnologies. 
 
In this section the characterization of different cobalt molybdenum catalysts 
with 1 to 3 molar ratio, supported on silica and prepared either by the sol-gel method or 
impregnation was shown.  As mentioned before, seeking for controlling the production 
of high MWCNT selectivity products, the original catalysts formulation was changed 
until the desirable formulation was achieved.  The so called transition catalyst 
formulations were not characterized since the synthesized products were not MWCNT.  
Therefore, the characterization of cobalt molybdenum catalysts with molar ratio of 3 to 
1, supported on silica or aluminum and prepared by impregnation, are shown next. 
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2.1.2- Co-Mo (3:1) – alumina/silica 
 The experimental part related to these catalysts (Co-Mo (3:1) – alumina/silica) 
has been presented in Chapter 1, section 1.1.3.1.  Different techniques were used to 
characterize the calcined catalysts.  UV-Vis DRS was conducted in a Shimadzu UV 
2450 equipped with a dual beam spectrophotometer.  The calcined solid samples were 
also analyzed by using XPS.  The spectra were recorded on a Physical Electronics PHI 
5800 ESCA system, equipped with an AlKα X-ray anode operated at 350 W and 15 kV.  
The base pressure of the main chamber was kept at about 1.0×10-8 Torr.  TPR was also 
used to characterize the calcined samples.  The powdery samples were reduced under 20 
sccm of a 5 % H2/Ar with a temperature ramp of 10 °C/min.  TEM was used to follow 
up the morphology of the monometallic Co/SiO2 catalysts at the different stages (fresh, 
oxidized and reduced). 
 
2.1.2.1- Results 
2.1.2.1.1- UV-visible diffuse reflectance spectroscopy 
Figure 50(a) shows that the absorption of light in the UV-Vis range of the 
bimetallic samples Co-Moγ-Al2O3 and Co-MoAl(OH)3 is different from each other.  Co-
MoAl(OH)3 presents two main absorption zones between 350-500 nm and 650-800 nm, 
while Co-Moγ-Al2O3 presents only one absorption zone between 500 and 700 nm.  As a 
comparison, the UV-Vis DRS spectra of three standards, Co3O4, CoAl2O4 and CoMoO4, 
were done and are shown in Fig. 50(b).  It can be seen that the spectrum of Co-Mo 
Al(OH)3 looks similar to the Co3O4 one.  On the other hand, when cobalt and molybdenum 
are supported on γ-Al2O3, the spectrum looks more similar to CoAl2O4 or CoMoO4.  
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Figure 50(a): UV-Vis Diffuse Reflectance Spectroscopy. Bimetallic (Co-Mo 3:1) catalysts on different 
supports. 
 
The spectrum of Co-MoSiO2 was also included in Fig. 50(a) as a comparison.  In 
previous publications, our group has shown that when cobalt and molybdenum are 
simultaneously impregnated on silica, cobalt can be either as cobalt oxide species or as 
cobalt molybdate oxide species. 
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Figure 50(b): UV-Vis Diffuse Reflectance Spectroscopy. Standard samples. 
 
Figure 50(c) shows the UV-Vis DRS of the monometallic catalysts.  It can be 
seen that for the alumina supported cobalt, the spectra look similar to the correspondent 
to the bimetallic case.  On the other hand, when cobalt is supported on silica, there is a 
change on the absorption zone with respect to the bimetallic sample.  It seems that when 
molybdenum is added there is a shift to lower wavelength numbers compared with the 
monometallic catalyst. 
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Figure 50(c): UV-Vis Diffuse Reflectance Spectroscopy. Monometallic (Co) catalysts on different 
supports. 
 
The effect of the molybdenum addition on silica supported catalysts was also 
studied and it is shown in Fig. 50(d).  The absorbance spectra of the Co-MoSiO2 seem to 
differ when different molar ratios of the precursors are simultaneously impregnated.  
The lower the cobalt content the more similar the spectrum is to the CoMoO4 standard 
showed in Fig. 50(b).  When the spectra of the catalysts prepared by using the same 
precursor’s molar ratio but different impregnation sequence (simultaneous or 
sequential) are compared, it can be seen that the spectrum is more similar to the 
correspondent to the Co3O4 standard when the catalyst is prepared by sequential 
impregnation. 
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Figure 50(d): UV-Vis Diffuse Reflectance Spectroscopy. Bimetallic (Co-Mo 3:1 1:3) catalysts supported 
on silica. SEQ: sequential Co-Mo impregnation, SIM: simultaneous Co-Mo impregnation. 
 
Figures 51(a) and (b) show the results obtained from the metal loading catalyst 
series.  When cobalt is impregnated on γ-Al2O3, as it can be seen in Fig. 51(a), the 
reduction profiles are different depending on the metal loading.  On the other hand (Fig. 
51(b)), when cobalt is impregnated on Al(OH)3, the reduction profiles do not seem to 
depend on the metal loading. 
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Figure 51(a): UV-Vis Diffuse Reflectance Spectroscopy. Monometallic (Co) catalysts supported on        
γ-Al2O3 with different cobalt loadings.   
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Figure 51(b): UV-Vis Diffuse Reflectance Spectroscopy. Monometallic (Co) catalysts supported on 
Al(OH)3 with different cobalt loadings. 
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As it was mentioned before, the oxide species formed on the monometallic and 
bimetallic catalysts depend on the support used.  It has been shown that, while cobalt 
preferentially forms cobalt aluminates when supported on γ-Al2O3, it forms cobalt 
oxides when supported on Al(OH)3.  It has been also seen that while cobalt, despite the 
metal loading, always forms cobalt oxide species such as Co3O4 when supported on 
Al(OH)3, it does not form them when the metal loading is low and is supported on γ-
Al2O3.  Besides, the addition of molybdenum did not show any effect on the oxide 
species formed when the supports used were either Al(OH)3 or γ-Al2O3.  Therefore, the 
addition of molybdenum does not seem to modify the structure of the catalysts, showing 
that cobalt is not forming cobalt molybdate species when is supported on alumina.  
Monometallic and bimetallic catalysts supported on silica showed a different 
behavior than the ones supported on aluminum materials.  The absorbance spectra were 
different showing in this case that the addition of molybdenum modified the oxide 
species formed.  Therefore, the addition of molybdenum when silica is used as support 
seems to favor the formation of cobalt molybdate species as it can be seen in Fig. 50(a).  
When Co-MoSiO2 with molar ratios of 3:1 and 1:3 (simultaneously impregnated) are 
compared, it can be seen that the higher the molybdenum content, the more likely to 
form CoMoO4 the catalyst is.  On the other hand, when the simultaneously impregnated 
Co-MoSiO2 with a molar ratio 1:3 is compared with the sequentially impregnated Co-
MoSiO2, 1:3, it can be seen that there is more cobalt dissociated and forming Co3O4 when 
the precursors are sequentially impregnated. 
 
 
 
CHAPTER 2: Characterization of catalysts selective toward carbon nanotubes 
 
 101
2.1.2.1.2- X-ray photoelectron spectroscopy 
Figures 52(a) and (b) show the Co 2p XPS regions obtained for the bimetallic 
and monometallic catalysts.  It was found that the shape of the Co 2p XPS peaks 
depends greatly on the type of support used.  The Co 2p XPS signal acquired from 
either CoAl(OH)3 or Co-MoAl(OH)3 shows much weaker peaks (shake-up peaks) at binding 
energies between 785 and 787 eV than the signal acquired from the monometallic and 
bimetallic catalysts supported either onto γ -Al2O3 or SiO2.   
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Figure 52(a): X-ray Photoelectron Spectroscopy. Bimetallic (Co-Mo 3:1) catalysts on different supports. 
Cobalt 2p. 
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Figure 52(b): X-ray Photoelectron Spectroscopy. Monometallic (Co) catalysts on different supports. 
Cobalt 2p. 
 
As a comparison, different cobalt standards have been analyzed by using XPS 
and the spectra are shown in Fig. 52(c). It can be seen that while Co3+ (octahedral, 
Hexaamminecobalt (III) chloride) species exhibit very weak Co 2p shake-up peak, Co2+ 
species (tetrahedral, cobalt (II) chloride ultra dry) show shake-up peaks with high 
intensities.  CoAlO4, CoMoO4 and Co3O4 spectra are also shown in Fig. 52(c). 
The 2p shake-up peaks mentioned before are due to the excitation of 3d 
electrons into an unoccupied orbital.  It is important to mention that these types of peaks 
are only observed in atoms containing unpaired number of d-electrons.  Therefore, as it 
has been shown in previous studies [28,30-32], the relative intensity of the Co 2p shake-
up peaks can be well correlated with the identities of the Co species.  The values 
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presented in Table 2 show that the relative intensity differs when using different 
supports (Al(OH)3< γ-Al2O3<SiO2). 
The spectrum of Co3O4 is similar to the correspondent to Co+3.  It is known that 
both Co+2 and Co+3 ions are present in Co3O4, but since the Co3+/Co+2 molar ratio is 2, 
the shake-up peak intensity is governed by the Co3+.  Hence, the Co species supported 
onto Al(OH)3 can be mostly ascribed to Co3+ species, while the Co species supported by 
γ-Al2O3  should be mostly Co+2 species.  This result is in well accordance with the UV-
Vis DRS and TPR results discussed below.  It is worth noticing that the addition of Mo 
does not change this comparison in any significant way. 
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Figure 52(c): X-ray Photoelectron Spectroscopy. Cobalt standards. Cobalt 2p. 
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Table 2:Relative intensity of the Co 2p shake-up peaks. 
Catalyst Co 2p3/2 B.E. Co 2p3/2 Satellite B.E. Intensity 
Ratio
CoSiO2 781.48 eV 786.72 eV 0.59
Coγ-Al2O3 781.46 eV 786.71 eV 0.48
CoAl(OH)3 780.31 eV 786.07 eV 0.18  
 
2.1.2.1.3- Temperature programmed reduction 
 TPR profiles of the bimetallic catalysts are shown in Fig. 53(a).  Co-Mo 
supported on Al(OH)3 shows reduction peaks at low temperatures between 300 and 450 
°C, at mid temperatures between 450  and 650 °C, and at high temperatures above 650 
°C.  On the other hand, when γ-Al2O3 is used as support for Co-Mo, while species 
reducing at high temperatures are still observed, there are none reducible species 
observed at low temperatures.  It has also been included in Fig. 53(a) Co-Mo supported 
on SiO2.  It can be seen that in this case the TPR profile is governed by peaks at 
temperatures higher than 450 °C.  
Monometallic catalysts have been also studied by using TPR and the results are 
shown in Fig. 53(b).  It can be seen that while cobalt is not forming low temperature 
reduction species when supported on γ-Al2O3, it is when supported on Al(OH)3 or SiO2.  
Figures 54(a) and (b) show a study of a metal loading series were cobalt was 
either supported on γ-Al2O3 or Al(OH)3 ,respectively.  It can be seen that while cobalt 
was always forming low temperature reduction species, despite the metal loading, when 
supported in Al(OH)3, it was not when supported on γ-Al2O3 at low metal loadings. 
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Figure 53(a): TPR profiles of the bimetallic (Co-Mo 3:1) catalysts.  
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Figure 53(b): TPR profiles of the monometallic (Co) catalysts.  
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Figure 54(a): TPR profiles of monometallic (Co) catalysts supported on γ-Al2O3 with different cobalt 
loadings. 
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Figure 54(b): TPR profiles of monometallic (Co) catalysts supported on Al(OH)3 with different cobalt 
loadings. 
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The reduction profiles for the monometallic and bimetallic catalysts show 
species reducing at different temperatures.  It has been seen in the literature [33-37] that 
the species that reduce at low temperatures are cobalt oxides (Co+3 to Co0, 300°C - 
450°C).  The ones that reduce at mid temperatures (450°C - 650°C) are related to 
cobalt-molybdenum oxides and molybdenum oxides, and the ones that reduce at the 
highest temperatures are cobalt aluminate species.  As it was mentioned previously, 
monometallic and bimetallic catalysts do not show low temperature reduction species 
when the support used was γ-Al2O3.  Therefore, in agreement with the UV-Vis DRS and 
XPS results, cobalt is preferentially forming aluminates when supported on γ-Al2O3.  
When cobalt and molybdenum are supported on SiO2, cobalt can be present as 
Co3O4 or CoMoO4.  It was shown before that cobalt forms oxides species that reduce at 
low temperatures and also species that reduce at high temperatures.  The latter ones can 
be assigned to cobalt silicate species as it was seen in the literature.  Therefore, in the 
bimetallic case, the species reducing at temperatures between 450 and 650 °C can be 
ascribed to cobalt molybdate oxides and molybdenum oxides. 
Figures 54(a) and (b) show the results obtained from the metal loading catalyst 
series.  When cobalt is impregnated on γ-Al2O3, as it can be seen in Fig. 54(a), the 
reduction profiles are different depending on the metal loading.  On the other hand (Fig. 
54(b)), when cobalt is impregnated on Al(OH)3, the reduction profiles do not seem to 
depend on the metal loading. 
The surface area of both supports has been measured resulting in 4 m2/g for the 
Al(OH)3 and 250 m2/g for the γ-Al2O3.  This difference in surface area would control 
the diffusion of cobalt into the matrix leading to less cobalt aluminate formation.  
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2.1.2.1.4- Same spot-Transmission electron microscopy 
The effects of feeding different carbon sources on the catalyst performance have 
been studied by comparing the catalyst structure of cobalt supported on SiO2 using 
TEM.  Figure 55 shows how the structure of the cobalt clusters changes after the 
different reactions steps.  
(b)
(c) (d)
(a)
200 nm
 
Figure 55: TEM-Same Spot. Catalyst: CoSiO2 - Carbon source: ethylene. (a) TEM grid hole. (b) Calcined 
in air. (c) Reduced in hydrogen. (d) Ethylene  for 1 minute. 
After calcination, it can be seen that the cobalt (dark spots) is highly dispersed 
on the SiO2 support.  After reduction under H2, it can be observed that the cobalt 
CHAPTER 2: Characterization of catalysts selective toward carbon nanotubes 
 
 109
clusters have increased in size.  Finally, after feeding ethylene for 1 minute, it can be 
seen that there is no change in cluster size compared with the reduced stage.  
On the other hand, when carbon monoxide was used as carbon source, the metal 
cluster size increased after feeding it for 1 minute (Fig. 56).  
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Figure 56: TEM-Same Spot. Catalyst: CoSiO2- Carbon source: carbon monoxide. (a) TEM grid hole.       
(b) Calcined in air. (c) Reduced in hydrogen. (d) Carbon monoxide for 1 minute. 
 
Therefore, the type of feeding gas affects the catalysts performance.  Carbon 
monoxide seems to reduce even further the cobalt, leading to the presence of some 
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larger metal clusters.  The sintering might lead to a decrease in carbon yield.  It is also 
important to mention that the reactivity of the ethylene is higher than the carbon 
monoxide one, leading to larger carbon yield. 
Figure 57 show an electron dispersion spectroscopy (EDS) spectrum obtained 
from one of these samples in order to probe that the dark spots are cobalt and not the 
support. 
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Figure 57: EDS spectrum of samples analyzed by same spot TEM. 
 
2.2- Conclusions 
It has been shown in this chapter that the variety of SWCNT selectivity and 
carbon yield shown in chapter 1 was due to the versatility of the sol-gel preparation 
method.  By using this technique the morphology of Co-Mo catalysts used in the 
synthesis of SWCNT can be modified.  In turn, these changes in morphology result in 
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reproducible changes in SWCNT selectivity and carbon yield.  By increasing the 
ammonia concentration in the sol-gel step, the silica particle size increases as the rates 
of hydrolysis and polymerization of TEOS are accelerated.  Therefore, when the 
NH4OH/TEOS ratio is high a large fraction of Co-Mo species remains encapsulated 
under the silica.  By contrast, at low NH4OH/TEOS ratios, the rate of silica 
polymerization is low, which results in an enhanced agglomeration of Co and Mo 
species.  Both extremes are detrimental for SWCNT production.  An optimum 
preparation is found at intermediate NH4OH/TEOS ratios. 
In chapter 1 it was also shown that MWCNT with different structures and yields 
are obtained while using different metal molar ratios, supports and carbon sources.  It 
has been seen that Co-Mo catalysts with excesses of cobalt supported on aluminum 
hydroxide, and where ethylene was the carbon source, had the best performance.  In this 
case the active phase, cobalt, was forming oxidic species that would reduce at low 
temperatures.  On the other hand, when using gamma alumina, it was seen that cobalt 
was mostly forming non-reducible aluminates.  Even though further investigation is still 
needed, the selective formation of oxidic species on aluminum hydroxide could be 
associated with its low surface area (~ 4 m2/g) compared to γ-alumina ( ~ 250 m2/g).  
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CHAPTER 3 
3.1- Metrology 
Assessment of purity and quantification of SWCNT in bulk samples is crucial in 
the production of nanotubes for commercial or scientific applications.  Knowing with 
some degree of precision the SWCNT concentration in a given sample gives the 
application researchers the possibility of comparing the effects of adding varying 
amounts of SWCNT to the composite material [1-3] or devices [4-9] that they are 
developing.  A good quantification of SWCNT concentration in a sample can also allow 
researchers to do proper comparison of SWCNT from different sources, or with varying 
structural characteristics.  Raman spectroscopy has been widely used to assess SWCNT 
selectivity.  For example, the full width at half maximum (FWHM) of the Raman D-
band (~1350 cm-1) has been used by several researchers [10-13].  The FWHM D-band of 
the non-SWCNT carbonaceous species is generally much broader than that of the 
SWCNT.  Likewise, the absolute intensity of the G and D-bands (~1590 cm-1, ~1350 
cm-1) [11,14,15] and, the G/D and D/G’ ratios [11,16-20] have been used to measure the 
SWCNT selectivity.  The G/D ratio is generally considered as a SWCNT selectivity  
parameter because the G-band, being a first-order Raman scattering process is not 
affected by defects.  By contrast, the D-band is a second-order Raman scattering process 
that is enhanced by the presence of defects.  The use of the G/D ratio as a quantification 
method for the density of defects has generated some controversy.  For instance, 
Antunes et al. [12] have shown that the intensity of the D-band is affected by curvature 
effects.  They have proposed that the product of the D/G intensity ratio and the FWHM 
of the D-band is a better indicator of CNT selectivity.  A method that may simplify the 
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problem was proposed by Nishide et al. [14].  This work has pointed out that the Raman 
intensity of SWCNT is highly enhanced by resonance effects, but these effects are much 
weaker in amorphous carbon.  Therefore, these authors concluded that the absolute 
intensity of the G-band may be a more suitable SWCNT selectivity parameter than the 
D/G ratio.  Different authors have measured the shift between the second and the first 
order transitions [21], and used these values to quantify the purity of SWCNT in a 
sample.  Another approach for assessing SWCNT selectivity is a technique proposed by 
Liu et al. [22] in which Raman scattering is combined with photoluminescence.  In 
general, these selectivity assessment methods have been conducted on solid samples, 
which have the serious drawback of composition heterogeneity and variations in texture.  
If not properly weighted, these variations may greatly affect the results and yield wrong 
estimates of the purity.  In this contribution, we propose a modified Raman analysis 
method that results in a reliable quantitative assessment of SWCNT purity.  
 
Characterization techniques 
Nuclear magnetic resonance (NMR) 
 This is a non-destructive technique that is used to determine the structure of 
organic molecules.  Briefly, a solution of a sample is set between magnets (Fig. 58(a)) 
while irradiating the sample with radio frequency energy (rf).  The rf absorbed is 
monitored and registered while varying the external magnetic field.  
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space velocity (gas flow rate/catalyst volume ratio), reaction time, reactor design, 
operation, etc., have been found to have a strong influence on nanotube yield, nanotube 
type, and purity.  From these optimization studies a range of SWCNT samples with 
varying degrees of SWCNT selectivity have been obtained.  In the present study, a series 
of samples of varying SWCNT selectivity has been prepared to evaluate the assessment 
method.  The growth of SWCNT for all samples was carried out on the same type of 
powder catalyst composed of Co–Mo particles supported on high-surface area silica, 
with a total metal loading of 2 wt % and a Co–Mo molar ratio of 1/2.  Before starting the 
growth reaction, the catalyst was reduced in H2 flow at 500 °C for 30 min.  Then, H2 
was replaced by He, while increasing the temperature to 700 °C.  At this temperature, 
the catalyst was placed in contact with carbon monoxide (CO) for 30 min.  After the 
growth period, the system was cooled down under He flow.  To separate the SWCNT 
product from the catalyst, the as-produced material was treated in 30 % HF solution, 
which completely dissolved the silica support.  To eliminate the metal species (Co and 
Mo) the sample was further treated in an HCl solution.  After these treatments the 
samples contained about 8 wt % Co and Mo, with no traces of Si or any other element.  
Two external samples of known SWCNT content were employed as reference points in 
the purity scale.  A carbon black sample was used as the standard for zero SWCNT 
content.  The sample to be considered as of maximum purity (100%) was provided by 
the National Institute of Standards and Technology (NIST), where it is identified as 
VAMAS TWA 34.  The sample itself is a length-sorted SWCNT dispersion in an 
aqueous 1% (mass/vol) sodium deoxycholate solution.  The estimated concentration of 
nanotubes in the original sample was about 50 mg/L.  This sample was taken from the 
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liquid that will become a NIST reference material for dispersed, length sorted, carbon 
nanotubes (RM 8281 ‘‘Long’’ fraction, estimated average length ~0.75 µm).  The 
synthesized samples were purified again by using a method proposed by Miyata et al. 
[28], which includes sonication, suspension in sodium cholate, 1-h ultra-centrifugation 
at 207,000 g, and collection of the supernatant fractions.  The intensity of the Raman G-
band was measured for all the ultra-purified samples and correlated to the relative 
concentration of SWCNT in the sample.  For comparison, seven as-produced solid 
SWCNT samples, still associated with the silica-supported catalyst, were analyzed by 
Raman scattering.  Specifically, aqueous suspensions of the different SWCNT samples 
were prepared by placing 5 mg of purified SWCNT in 7 ml of 2 wt% solution of sodium 
cholate (SC) in DI water and ultra-sonicating with a Horn Sonic Dismembrator, Model 
500, Fisher Scientific for 1 h at 7 mW of power.  To compare these sonicated 
suspensions at the same total solid concentration, the following method was followed.  
First, the OA of the suspension was measured at a wavelength of 770 nm.  Then, the 
concentration of all the suspensions, including the reference from NIST, was adjusted to 
obtain the same absorptivity for each one by diluting with DI water.  A value of relative 
concentration equal to 1.0 was arbitrarily assigned to each suspension with an absorption 
coefficient of 0.85.  To study the variation of Raman intensity with concentration, 
various dilutions were prepared for each sample. 
Several methods were combined to assess the SWCNT selectivity of the samples 
in the series. Raman spectroscopy of the suspensions was conducted in a Jovin Yvon-
Horiba Lab spectrometer, equipped with a CCD detector and with a laser excitation of 
633 nm (He–Ne laser).  Eight spectra were taken for each sample, varying the 
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concentration by diluting with deionized water.  In addition to the measurements on 
liquid suspensions, Raman spectra were obtained on solid samples.  In this case, the 
collection time for each measurement was 10 s; to assure that the measurements 
provided an average that was representative of a given sample, 50 measurements on 
different spots were taken on each sample.  The G/D ratio and the FWHM of the D-band 
were used as SWCNT selectivity indicators.  The same SWCNT suspensions used in 
Raman characterization were characterized by OA in an UV–Vis (UV-2101PC, 
Shimadzu spectrophotometer).  Images of the purified samples were obtained by 
Transmission (JEOL 2000-FX STEM), and Scanning Electron Microscopy (JEOL JSM-
880 SEM).  The samples analyzed by TEM were prepared by suspending the SWCNT 
by mild sonication in isopropanol and depositing a drop over the TEM grid.  The 
samples analyzed by SEM were deposited onto copper strips and coated with gold and 
palladium.  TGA of purified samples was conducted in a TGAQ500 (TA instruments 
Inc.) under flow of air at 200 °C for 15 min and heated to 750 °C at a rate of 5 °C/min.  
The as-produced solid SWCNT samples from the synthesis reactor were characterized 
using Raman spectroscopy.  The collection time in each spot and number of spots 
probed for the as-produced solid sample were the same as those for the purified samples 
(10 s, 50 spots).  As discussed below, these measurements allowed us to evaluate the 
level of heterogeneity in each sample and to obtain a representative average of the 
SWCNT selectivity parameters.  
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3.2.2- Results 
3.2.2.1- Raman scattering of purified SWCNT samples 
3.2.2.1.1- SWCNT suspensions 
Nishide et al. [14] have proposed to use the G-band intensity of nanotube 
suspensions as an indication of the purity of a SWCNT sample.  In this study we have 
found that this intensity is not only a function of the purity of the SWCNT sample but 
also of the overall solid concentration of the suspension.  As shown in Fig. 60, the G-
band intensity ( LIQGI ) exhibits a characteristic profile as a function of relative 
concentration.  As the concentration decreases from the initial value (1.0), the scattering 
intensity increases, reaching a maximum at about the same concentration for all the 
samples and then it decreases with further dilution.  This ‘‘thickness effect’’ is typically 
observed when the light scattering initially increases with increasing concentration, but 
it is attenuated at higher concentrations by absorption.  In this particular case, while the 
Raman scattered radiation is entirely due to the SWCNT scatterers present in the 
suspension, the absorption is caused by all the suspended species (attenuators).  The 
fraction of incoming radiation scattered is proportional to the concentration of SWCNT 
since the scattering cross section of SWCNT is much larger than any other suspended 
species.  But, at the same time, the absorption of both incoming and outgoing radiation 
is due to the relative concentration (C) of all the suspended species.  Therefore, we can 
express the variation of the scattered radiation as a function of carbon concentration with 
the following equation:   
SC
O
S PCe
I
I   (1) 
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where IS and I0 represent the effective scattered radiation and incoming radiation 
intensities, respectively.  P is the fraction of SWCNT in each sample and S is a 
proportionality constant that is common for all samples.  This equation has been used to 
fit the experimental data of intensity of the scattered G-band as a function of 
concentration of solids in the suspension.  Using only P and S as adjustable parameters, 
the fitting for all the samples is very good and provides values of the fraction of 
SWCNT (P) for each sample (see solid lines in Fig. 60).  By fixing the P factor obtained 
for the NIST reference sample as corresponding to 100% SWCNT we can obtain direct 
estimates of the fraction of SWCNT in each sample. 
 
Figure 60: G band intensity of SWCNT suspensions of varying concentrations, relative to those showing 
the same absorption intensity.   
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The corresponding P factors for all the samples in the series are shown in Table 
3.  The samples are identified as A-to-H in order of decreasing SWCNT selectivity.  
 
Table 3: P (%) values obtained from Raman of the liquid suspensions. SWCNT area/Total area obtained 
from TGA analysis. Resonance factor obtained from OA analysis. G/D (ap), G/D 3, G/D 50 and 1/FWHM 
D-band obtained from Raman of the solid samples. 
 
 
3.2.2.1.2- Solid samples 
One of the most important aspects that need to be addressed when assessing the 
SWCNT selectivity of solid samples is heterogeneity.  However, it has been common 
practice to assess SWCNT selectivity by doing the average of G/D ratios of only a few 
(e.g., one to three) Raman measurements [24,29-32].  Table 3 shows the average G/D 
Raman intensity ratios obtained on the samples in the series by using only three spots 
(G/D 3).  As illustrated in Fig. 61, a poor correlation is obtained between the P factor 
obtained with the suspensions and the G/D 3 ratios obtained from averaging only three 
spots on the solid samples. 
Raman 
suspensions TGA UV-Vis
Sample P (%) SWCNT area/ Total area
Resonance 
factor (x100) G/D (ap) G/D 3 G/D 50
1/FWHM D-band 
(x100)
NIST ref 100.00 - - - - - -
A 52.90 1.00 7.73 29.00 - - -
B 48.30 1.00 7.32 23.00 11.20 11.68 5.00
C 43.80 0.77 7.03 22.90 11.00 9.06 3.60
D 38.90 0.85 6.65 18.80 13.10 8.60 4.00
E 30.00 0.65 4.43 18.50 6.00 7.21 3.40
F 26.70 0.29 2.77 20.70 1.40 4.93 2.70
G 24.80 0.42 3.91 13.70 7.90 6.32 3.20
H 20.90 0.49 2.76 4.50 7.60 7.98 3.30
Raman solids
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Figure 61: Comparison of the P (%)parameter values with the G/D ratios of the solid samples by 
averaging 3 spots (G/D 3). 
 
A much more representative average can be obtained by increasing the number 
of measurements.  For instance, Fig. 62 shows the rather high variability in the G/D 
ratios obtained on 50 different spots on a given sample together with the accumulated 
average, which as expected shows gradually lower variability as the number of 
measurements increases.  
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Figure 62: G/D accumulated average and the singular G/D ratios of solid samples for 50 different spots 
(Sample G). 
 
Similar analysis was done for each solid sample in the series and the results of 
accumulated averages are compared in Fig. 63(a).  It can be seen that depending on the 
variability of the specific sample one may need 30 or more spots to obtain a reliable 
average.  We have used a common statistical method [33] to establish margins of error 
(E) in a number of measurements (n) with a given level of confidence, based on the 
following expression E = z (/√n), in which  is the standard deviation and z is 
calculated from the desirable level of confidence.  For example, for a level of confidence 
of 95% and assuming a standard normal distribution of the measurements, z becomes 
1.96 [33].  Then for n = 50 measurements, the margins of error can be readily obtained 
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for each sample (Margins of error for G/D 50 values – B: 1.33, C: 1.02, D: 1.2, E: 1.28, 
F: 1.76, G: 1.23, H: 1.15). 
Figure 63(b) shows the accumulated average of the 1/FWHM of the D-band as a 
function of the number of measurements.  The general trend shows that as the SWCNT 
selectivity of the sample increases, the D-band width decreases and therefore 1/FWHM 
D-band increases.  Since the D-band is a convolution of different bands related to 
different defective carbon species, the more species there are in the sample, the broader 
will be the width.  Table 3 shows the average for each sample.  The margin of error for n 
= 50 measurements were obtained for each sample (Margins of error for 1/FWHM D-
band (·103) – B: 0.34, C: 0.35, D: 0.37, E: 0.34, F: 0.39, G: 0.41, H: 0.51). 
 
 
Figure 63: Accumulated average values (50 spots) of solid samples with different purities. (a) G/D ratios; 
(b) 1/FWHM of the D-band.  
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While the overall trend is that the G/D ratio increases and the width of the D-
band decreases from the lowest-SWCNT selectivity sample to the highest-SWCNT 
selectivity sample, there are a few samples of intermediate values in which it is hard to 
make a decision about which one has a higher SWCNT content.  Taking P of the 
suspensions as a measure of the fraction of SWCNT in the sample, we have plotted in 
Fig. 64 the variation of the G/D 50 average ratio and the 1/FWHM of the D-band in the 
purified solid samples with P in the suspensions to compare the goodness of each 
method.  In this case, the correlation of P and G/D 50 is clearly much better than when 
few spots were used.  The correlation factors for G/D 50 and 1/ FWHM of the D-band 
with P are 0.89 and 0.73, respectively, which are significantly higher than those 
obtained with three spots (0.45 and 0.41, respectively). 
 
Figure 64: G/D 50 ratios-1/FWHM of the D-band vs the P (%) parameter values.  
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3.2.2.2- Scanning and transmission electron microscopy 
Electron microscopy provides a visual assessment of the overall SWCNT 
selectivity of the sample, but assessment of the fraction of SWCNT by microscopy 
methods is at best semi-quantitative and in most cases, the imaged fraction of the sample 
may not be fully representative of the entire sample [34].  With these limitations in 
mind, a qualitative comparison of the various samples in the series has been attempted.  
Figure 65 shows the SEM images of all the samples in the series.  To compare with the 
Raman results, the images were ordered by observation of SWCNT selectivity, starting 
with the one with the highest fraction of SWCNT present.  The qualitative order 
obtained by SEM coincides very well with the quantitative P factor obtained from the 
Raman analysis of the suspensions.  The samples with low P factor showed few 
SWCNT and larger quantities of non-SWCNT carbonaceous species and residual 
catalyst.  Samples with intermediate values of P showed comparable amounts of 
SWCNT and impurities.  Samples with the highest P factors exhibited only SWCNT in 
the SEM image.  The TEM images for samples B and F compared in Fig. 66(a) and (b) 
clearly show the differences between high-SWCNT selectivity and low-SWCNT 
selectivity samples.  The high-SWCNT selectivity sample B is mainly composed of 
SWCNT with small catalyst particles remaining.  On the other hand, the low-SWCNT 
selectivity sample F exhibits other carbon structures like fibers and MWCNT as well as 
relatively large catalyst particles. 
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3.2.2.3- Thermo gravimetric analysis 
In TGA the weight change caused by oxidation of carbonaceous species is 
monitored in a microbalance [35].  This technique is typically used to obtain semi-
quantitative estimates of the fraction of SWCNT in a sample but, as we discuss below, it 
is not a precise quantitative technique.  Figure 67(a) shows the TGA profiles for two 
samples of the series, one with a high fraction of SWCNT (B, P = 48.3%) and one with 
low fraction (F, P = 26.7%).  While the profile for the good sample B exhibits only one 
peak, the lower SWCNT selectivity sample F shows two.  The peak appearing at the 
lower temperature is typically ascribed to the oxidation of SWCNT while the one at 
higher temperatures is related to other carbonaceous species, e.g. graphitic nano-fibers 
[35].  The TGA results, reported as the ratio of the area of low-temperature peak over 
the total area, are included in Table 3.  At the same time, Fig. 67(b) compares the TGA 
data with the SWCNT fractions as estimated from the P factors.  Again, while the 
general trend is in agreement, the correlation factor is relatively low, 0.68.  It must be 
pointed out that the TGA method has some significant limitations that may affect the 
results.  First, it must be noted that carbon oxidation reaction occurring in TGA can be 
significantly altered by the presence of metal impurities that can act as oxidation 
catalysts [36,37].  Second, the state of aggregation of the samples may significantly 
affect the rate of mass and heat transfer during the oxidation reaction and as a result can 
cause peak shifts in TGA.  These two features are sometimes ignored but they may vary 
significantly from sample to sample causing significant differences in the estimated 
SWCNT purities.  To illustrate these limitations of the technique, a clear example of the 
effects of aggregation on the TGA profile is shown in Fig. 68.  In this case, both profiles 
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correspond to exactly the same purified SWCNT sample, but one of the aliquots was 
oven-dried after purification while the other was freeze-dried.  It is known that the 
former drying method results in higher extent of agglomeration than the latter.  Clearly, 
the more highly agglomerated sample exhibited an enhanced fraction of carbon 
oxidizing at the high-temperature region compared to the freeze-dried sample, with a 
more open structure.  This dramatic difference indicates that unless the level of 
impurities and state of agglomeration are kept constant, TGA can lead to erroneous 
measurements of SWCNT purity. 
 
Figure 67: (a) TGA profiles of the purified solid samples B and F; (b) Comparison of the P (%) parameter 
values with the SWCNT slectivity values obtained from TGA.  
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Figure 68: TGA profiles for the same sample with different states of aggregation. 
 
3.2.2.4- Optical absorption 
OA is a powerful technique that can be effectively employed to measure the 
(n,m) selectivity and SWCNT selectivity in a sample [38-41].  The absorption spectrum 
of SWCNT exhibits the characteristic bands of the 1-dimensional van Hove 
singularities.  Semiconducting SWCNT give rise to transitions between mirror 
singularities in the electronic density of states termed S11, S22, etc.  Integrating intensity 
of these bands and the spectral background provides a valuable parameter that can be 
used to estimate the purity of the sample.  Itkis et al. [42] have developed a method that 
relates the area of the S22 transition and the total area under the spectra to the purity of 
the sample.  A similar method was developed to evaluate the effectiveness of surfactants 
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and dispersion methods on the same CoMoCAT® sample [43].  Some of the limitations 
of these methods are the uncertainty associated with the position of the spectral 
background and the variation of the absorption intensity with the state of dispersion [41].  
More recently, Landi et al. [39] developed a modified version of this method that 
enhances its accuracy, as verified on a series of samples constructed with specific mass 
fractions of purified SWCNT and other carbonaceous species.  This modified method is 
based on a non-linear plasmon model that includes the overlap of the transitions and 
peak broadening.  To ensure accuracy of the fitting, it is important that the spectrum 
covers high enough energies as to reach the maximum plasmon intensity, occurring at 
about 4.5–5 eV.  Fig. 69(a) shows the UV–Vis spectra of samples C and H, which 
according to the Raman P factors have fractions of SWCNT of about 43.8% and 20.9%, 
respectively.  As mentioned above, the intensity of characteristic bands in the absorption 
spectrum intensity relative to the spectral background should correlate with the purity of 
the sample [42,43].  In good correlation with the prediction from the intensity of the 
Raman G band of the suspensions, it is seen that the ratio of areas under the resonance 
bands to the background drop by about a factor of two from sample C to sample H.  The 
resonance factors calculated according to Tan et al. [43] are summarized in Table 3.  To 
compare the correlation of these values with those from the Raman method, Fig. 69(b) 
shows the variation of the resonance factor with P for all the samples in the series.  The 
correspondence between the two methods is very good, i.e., the correlation factor is 
0.92. 
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Figure 69: (a) UV-Vis spectra of suspensions prepared from the purified solid samples C and H; (b) 
Comparison of the P (%) parameter values with the resonance factors obtained from the OA analysis. 
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G/D ratios are still high in the purified samples, it is evident that the purification process 
enhances the intensity of the D-band, either by creating defects or by generating 
functionalized groups on the SWCNT walls.  Similar reductions in G/D ratios after 
purification have been reported and ascribed to partial doping caused by the acid 
treatment, which may reduce the resonant Raman response [42,44]. 
 
3.3- Isotope doping (13C)  
The main goal of this project was to study the electronic environment of carbon 
nuclei on SWCNT.  Blackburn et al [45] have reported the first solid-state 13C NMR 
chemical shift assignment of carbon on metallic and semiconducting SWCNT varying 
the semiconducting content.  This project has been done in collaboration with Jeffrey L. 
Blackburn from the National Renewable Energy Laboratory (NREL). Blackburn et al 
[45] have probed that 13C NMR can be used to determine the surrounding environment 
of a nanotube in mixed SWCNT samples (metallic-semiconducting).  They have used 
SWCNT produced by laser vaporization with a 20 % of isotope having an average 
diameter of 1.3 ± 0.1 nm.  Metallic and semiconducting enriched samples were prepared 
by using the “Density Gradient Ultracentrifugation (DGU)” method.  Absorbance 
spectroscopy was used to determine the metallic/semiconducting ratio.  The 13C NMR 
data has been fit with Gaussian peaks and they have probed, in agreement with Lai et al 
[57], that large diameter semiconducting and metallic tubes have similar chemical shifts.  
In the same publication they have suggested that NMR studies on SWCNT with smaller 
diameters (~1 nm) and narrow chirality distribution was interesting in order to probe the 
diameter dependence on the 13C NMR resonance.  Our group is well known for 
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oxidation steps.  Both the as-produced and purified SWCNT were characterized by 
using different analytical techniques such as optical absorption, Raman scattering, TGA, 
PL and NMR. 
 
Figure 71: Reactor design scheme for SWCNT production. 
 
3.3.2- Results 
3.3.2.1- As-produced SWCNT 
3.3.2.1.1- Optical Absorption 
 As it was explained before it was desirable to produce SWCNT with the 
narrowest chirality distribution favoring in particular the specie (6,5).  Different 
catalysts and reaction conditions were used in order to optimize the final product.  
Figure 72 shows the OA spectrum of the as-produced SWCNT (12C) with narrow 
distribution that was used for purification and later characterization.  In particular, this 
sample was enriched in (6,5) and (7,6) being the former the predominant.  
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Figure 72: OA of SWCNT as-produced sample. 
 
 Once the desirable SWCNT product was synthesized, samples doped with 13C 
were produced under those conditions and different analytical techniques were used to 
estimate the concentration of isotope. 
 
3.3.2.1.2- Raman scattering 
 Raman scattering has been used not only to characterize the SWCNT selectivity 
of the samples but also to estimate the amount of 13C present in them.  As it has been 
seen in the literature [46-49] the presence of 13C produces a redshift of the Raman 
scattering spectrum since the Raman mode frequencies are inversely proportional to the 
square root of the atomic mass (w = 1/(2π)*(k*1/(m1+m2))1/2) [50].  This shift can be 
estimated by using the expression below.  
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 Being w0 the Raman shift of the pure 12C SWCNT, w1 the Raman shift of the 
doped SWCNT, M12C the mass of 12C, M13C the mass of 13C and x the concentration of 
12C.  By using 20 % of 13C in the reaction, a ratio of 0.99176 is expected.  For the as-
produced samples, the D, G and G’ band positions have been calculated for 15 different 
spots.  The moving average was calculated as in previous publications [51] and is shown 
in Fig. 73(a) to (c).  It can be seen that the average values variation have decreased as 
the number of spots increases.  This analysis was conducted for as-produced SWCNT 
containing pure 12C, 20 % 13C and for a physical mixture of pure 12C and 20 % 13C.  It 
can be seen that the average Raman shift for the doped sample has a red shift compared 
with the pure 12C SWCNT sample as it was expected for having 13C.  The physical 
mixture has shown Raman shift values in between the doped and the pure 12C SWCNT, 
being closer to the later one as it was expected. 
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Figure 73(a): Moving average (15 spots) of the D band position. 
 
 
Figure 73(b): Moving average (15 spots) of the G band position. 
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Figure 73(c): Moving average (15 spots) of the G’ band position. 
 
By using the position value of the spot 15, the Raman shifts ratios and the 
concentration of 13C using equation (1) were calculated and are shown in Table 4.  As it 
can be seen, the values range from 15 %, obtained from the G band shift, to 22 % 
obtained from the D band shift.  As it is explained in section 3.3.2.1.3, the amount of 13C 
estimated by using TGA was 13.5 %, which is closer to the value obtained from the G 
band shift.  The higher values obtained from both the D and G’ bands might be related to 
a wide distribution of diameters.  It has been shown in the literature that these bands 
upshift when the diameter increases [52]. 
 
Table 4: Isotope concentration-Raman scattering as-produced material. 
 
2600
2610
2620
2630
2640
2650
2660
2670
0 2 4 6 8 10 12 14 16
G
' b
an
d 
R
am
an
 s
hi
ft 
(c
m
-1
)
Moving average (spots)
C12
C12-C13
PM C12 C12-C13
C12 purified
Band 12C 12C13C ∆sh ratio 12C13C/12C x % 13C
D 1326.340 1315.190 11.150 1.008478 0.796 20.433
G 1590.440 1580.230 10.210 1.006461 0.844 15.557
G' 2647.370 2627.750 19.620 1.007466 0.820 17.986
12C purified 
PM 12C13C - 12C 
12C -13C 
12C 
CHAPTER 3: Metrology 
 
 146
 
The Raman shift values variation might be related to either the heterogeneity of 
the solid samples, the presence of catalyst or an intrinsic shift due to the instrument.  In 
order to analyze the effects of the catalyst, a purified SWCNT sample produced with 
pure 12C was used and the distribution is shown in Fig. 73(a) to (c).  It can be seen that 
the variation is significantly smaller than that for the as-produced samples.  The 
remaining variation could be related to the heterogeneity of the solid sample. 
Analysis of the intrinsic effects of the equipment has been also done and in this 
case the ratio between the G’ Raman shift and the D Raman shift has been used.  The G’ 
band is the second harmonic of the D band.  Therefore the ratio should be close to 2 as it 
has been shown in the literature [53,54].   
 
 
Figure 74: G’/D values. 
1.8
1.85
1.9
1.95
2
2.05
2.1
2.15
2.2
0 2 4 6 8 10 12 14 16
G
'/D
Moving average (spots)
C12 G'/D
C12-C13 G'/D
PM C12-C12-C13 G'/D
C12 purified G'/D12C purified 
PM 12C13C - 12C 
12C -13C 
12C 
CHAPTER 3: Metrology 
 
 147
As it can be seen in Fig. 74, the ratio is approximate to 2 for all the spots.  
Therefore it can be said that the variation is not related to the equipment.  
 
3.3.2.1.3- Thermal gravimetric analysis 
The amount of 13C in the as-produced samples was estimated by conducting 
TGA-MS.  The pure 12C showed approximately 1 % of the isotope as it was expected 
because of the natural occurrence.  The doped sample showed approximately 13.5 % of 
the isotope.  The original partial pressure of 13C to 12C was 0.2, but the final 
concentration in the SWCNT is less than 20 %.  This could be related to the 
consumption amount of the carbon source, the experiment set up, etc.  The third sample 
analyzed was the one containing pure 13C and the TGA-MS results confirmed the purity 
of this sample. 
 
3.3.2.2- Purified SWCNT 
The characterization of the purified samples has been done by Jeffrey L. 
Blackburn at the NREL as it was mentioned before.  The purified SWCNT provided by 
our group were separated by using the “Density Gradient Ultracentrifugation” method 
described in a previous publication of Blackburn et al [45].  Hersam et al [55] have 
shown the goodness of this method to enrich SWCNT samples by diameter.  They have 
used DNA wrapped SWCNT produced by either CoMoCAT® or HiPco® processes.  The 
tubes were dispersed in aqueous dilutions of iodixanol with a linear density profile and 
the suspensions were centrifuged at 174000 g.  After few hours of centrifugation, the 
tubes migrated to their isopycnic (same density) points.  They have demonstrated that 
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3.3.2.2.1- Optical absorption 
 As an example of the spectra obtained after DGU for the two analyzed fractions, 
Fig. 76 shows the OA spectra for the (6,5) enriched and bulk fractions.  The difference 
between both samples it can be seen in Fig. 76, while the bulk sample shows higher 
background intensity and larger diameter tubes, the enriched sample does not.  This 
results confirms the narrow concentration of species in the enriched sample, being 
mostly (6,5).  Figure 77 shows the OA spectra for the (6,5) enriched fractions of the 
samples with 100 % 12C, 100 % 13C and the doped 13C sample.  It can be seen that the 
spectra are very similar.  Therefore, the analyzed enriched fractions have the same 
diameter composition (mostly (6,5)). 
 
 
Figure 76: OA spectra of bulk and (6,5) enriched fractions.  
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Figure 77: OA spectra of (6,5) enriched fractions with different isotope concentrations. 
 
3.3.2.2.2- Photoluminescence 
 PL was used to confirm the enrichment of one of the fractions in small diameter 
tubes.  As an example, Fig. 78(a) and (b) show a comparison in diameter distribution 
between the bulk and the (6,5) enriched fractions of a sample.  It can be seen that the 
enriched fraction contains primarily (6,5) as it was imply by the results obtain using 
optical absorption.  On the other hand, the bulk fraction shows a wider distribution of 
larger diameter tubes.   
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3.3.2.2.3- Raman scattering 
 Another characterization technique used to confirm the goodness of the DGU 
separation was Raman scattering.  Figure 79 shows the comparison of the RBM 
vibrational modes of bulk and (6,5) enriched fractions.  As mentioned before, the 
wavenumber of the RBM modes are inversionally proportional to the tube diameter.  
Therefore, the absence of peaks at low wavenumbers in the enriched sample implies the 
high concentration of small diameter tubes.   
Figure 80 shows the G-band mode vibration of the 100 % 13C, 100 % 12C and 
doped samples.  It can be seen that the larger the 13C concentration, the larger is the red 
shift of the G-band.  Even though the results corresponding to only one energy laser 
(532 nm) and one vibration mode are shown in Fig. 80, three different lasers and the G’-
band have been used for this characterization (488 nm, 532 nm and 632.8 nm).  The 
calculation of 13C concentration on the doped sample was done by Blackburn’s group  
and the values are shown in Table 5. 
 
Table 5: 13C concentration (%) by Raman scattering using three different laser excitations. Purified 
SWCNT. 
 
 
In this case the concentration calculated from the G band is much closer to the 
value obtained by doing TGA (13.5%).  This is also a confirmation that the presence of 
catalyst affects the results.  When the concentration values were calculated from the G’ 
band, they also were higher like in the as-produced samples. 
Band 488 nm 532 nm 632.8 nm
G 15.0 13.5 12.0
G' 19.0 18.0 20.0
Exitation laser
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Figure 79: RBM Raman scattering of bulk and (6,5) enriched fractions. 
 
Figure 80:G-band Raman scattering of (6,5) enriched fractions with different isotope concentration.  
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3.4-Conclusions 
The assessment of SWCNT selectivity of bulk samples has been complicated by 
the heterogeneity of solid samples.  Most methods employed to date exhibit some 
limitations.  The method most commonly used is Raman spectroscopy.  However, to 
overcome the problem of sample heterogeneity and to obtain reliable and quantitative 
estimates of the percent of SWCNT in a sample it is needed a large number of 
measurements.  By contrast, the measurement of the G/D ratio in liquid suspensions as a 
function of solid concentration has provided a more practical and reliable method than 
those previously used.  A simple equation with two adjustable parameters can be used to 
directly extract the percent of SWCNT in the sample. 
The effectiveness of using an isotope (13C) to dope high SWCNT and (n,m) 
selectivity samples during the production process has been shown in this chapter.  
Comparisons between doped and un-doped tubes have been done by using different 
analytical techniques.  DGU was used to separate the purified SWCNT samples by 
diameter.  The different 13C doped SWCNT fractions obtained after DGU were 
compared by using NMR.  Through this study, the differences in chemical shifts for 
SWCNT within a diameter range of 0.8-1 nm and different metallicity have been seen 
for the first time.  
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Figure 92: Carbon fabric arrangement in ½ in quartz reactor. 
 
The secondary structure was pre-treated with hydrogen peroxide under the same 
conditions explained for the previous pre-treatment.  A mass of 250 mg of the pre-
treated secondary structure was set into a flask with ammonium hydroxide and an 
aqueous solution of the metal precursors was added.  The reaction was conducted for 24 
h at 70 °C under N2.  In this case the precursors were Co(NO3)2·6H2O (Sigma Aldrich) 
and (NH4)6Mo7O24.4H2O (Sigma Aldrich) with a Co/Mo molar ratio of 3.  The reaction 
was conducted for 24 h at 60 °C.  Finally, the sample was dried and calcined at 300 °C 
for 30 min in an oven, and at 500 °C for 60 min under He.  A mass of 100 mg was 
finally set in a quartz reactor and pre-reduced at 500 °C for 30 min under H2.  Then the 
temperature was increased to 750 °C under He and the carbon source (carbon monoxide) 
was fed for 30 min at 750 °C. 
 
4.1.2- Results 
 The first attempt to increase the interconnection between layers was to grow 
CNT by depositing active metals onto the commercial fibers.  This experiment was not 
successful and the reason was that the surface of the commercial fibers, as it can be seen 
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It is worth noting that, in this image, only the secondary (CNF) and tertiary 
(MWCNT) structures are observable because the size of the primary structure (CF) was 
out of scale for this characterization technique.  The largest diameter structures in this 
image are CNF and the smaller diameter species are MWCNT. 
 
4.1.2.3- Temperature programmed oxidation 
 TPO was conducted in order to characterize each intermediate structure.  This 
technique was conducted by flowing 80 sccm of 5 % O2 in He through a vertical quartz 
reactor of 1/8 in.  The amount of CO2 produced was detected and recorded by using 
flame ionization detector (FID).   
 It can be seen in Fig. 98 that the oxidation temperature is the highest for the neat 
commercial carbon fiber.  After the first deposition of metal (Cu/Ni), the oxidation 
temperature shifts to lower values and the total area decreases slightly.  The shifts to 
lower temperatures can be related to the synergetic effect of the metal catalyzing the 
oxidation and the presence of defects due to the acid pre-treatment.  The third sample 
analyzed was the secondary structure conformed of CNF onto CF.  As it can be seen in 
Fig. 98, the profile shifts also to lower temperatures and splits in two different regions.  
The lower temperature zone related to the oxidation of thin and defective CNF and the 
zone at higher temperature related to the CF.  In this case the CF oxidation peak seems 
to appear at lower temperature.  This could be an effect of the presence of thin CNF 
accelerating the burning process of the CF.  The fourth sample analyzed was the tertiary 
structure.  While the lowest oxidation temperature remains constant, the highest 
oxidation temperature shifts to higher temperatures.  This could be due to the presence 
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still low but the D band seems to be more defined than in the previous case.  This could 
be related to a higher order structure.  The spectrum of the tertiary structure presents, not 
only the highest intensity, but also the narrowest D and G bands. In all the cases the D 
band has larger intensity than the G band due to the defects in the material.  In this case, 
the width of the D band shows that the tertiary structure is governed by species with 
higher order. 
 
Figure 99: Raman scattering spectra of intermediate structures. 
 
4.1.2.3- Scaling up and optimization 
As it was mentioned before, the goal of this project was to increase the out-of-
plane thermal conductivity of composites conformed of carbon fabric layers.  After the 
synthesis method was developed, optimization and scaling up was necessary.  The 
necessity of scaling this process up was because larger carbon fabric pieces were needed 
to measure thermo conductive and mechanical properties.  The optimization was also 
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needed because the yield of CNF-CNT has to be controlled for different applications.  
The scaling up and optimization were conducted by another graduate student (Daniel 
Smith).  The characterization of the composites has been done in collaboration with the 
School of Aerospace and Mechanical Engineering at OU (Dr. Mrinal C. Saha). Some 
preliminary data for thermal conductivity was obtained for the neat commercial fiber 
and for the secondary nano-structure.  The 3-omega method has been used to quantify 
the conductivity.  
 Figure 100 shows preliminary data related to the out-of-plane thermal 
conductivity measurements of secondary structures with different degrees of growth.  
The neat fabric shows the lowest conduction values at any of the temperatures.  The 
samples with 80 and 250 % of CNF growth show higher conduction values than the neat 
sample.  Even though at 25 and 50 °C there is no much improvement going from 80 % 
to 250 % growth.  On the other hand, when the measurements were done at 75 °C, the 
sample with larger growth seems to show higher conductivity.  It is important to 
mention that these are preliminary results done by Dr. Mrinal’s group and that the 
methodology is still being optimized.  Even though, the general trend shows an 
improvement in the out-of-plane thermal conductivity of secondary structures.  
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Figure 100: Out-of-plane thermal conductivity trend. Courtesy of D. Smith and S.C. Mrinal. 
 
4.2- Flat surfaces 
As it is clear from the name of this chapter, “Non-conventional growth”, in this 
section, growth of SWCNT on different flat surfaces is shown.  Our group is known for 
the development of SWCNT forest [8-912].  Other researchers [21-26] have also shown 
the importance and potential of growing CNT on flat surfaces.  
The main goal of this project was to increase the carbon yield and decrease the 
amount of residue present in the as-produced sample, while keeping the SWCNT 
selectivity high.  Two different surfaces and different deposition techniques were used to 
prepare these flat catalysts to grow SWCNT. 
In this case, as in the previous section, SEM and TEM were used to visualize the 
samples, and Raman scattering was used to evaluate the SWCNT selectivity. 
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4.3- Conclusions 
 Non-conventional CNT growth has been shown in this chapter.  Seeking 
improvement of the out-of-plane thermal conductivity of composites, the growth of 
carbon hierarchical structures has been conducted.  It has been seen that the synthesis of 
carbon nano-species on top of commercial carbon fibers has led to a suitable surface for 
the non-conventional growth of CNT.  Preliminary thermal conductivity measurements 
have shown improvements when comparing neat fibers and non-conventional growth 
hierarchical structures.  
  CNT synthesis on flat surfaces by using the sol-gel method has been shown to 
be successful.  It was shown that different carbon yields and SWCNT selectivity were 
obtained when using different supports.  While stainless steel wafers have shown to be 
detrimental to the SWCNT selectivity and carbon yield, catalysts prepared on silicon 
wafers seemed to show the best performance.  
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A-1: Definitions of terms 
A. Selectivity 
The term selectivity is used several times through this dissertation.  It is 
important to mention that selectivity is a measure of how selective something is.  In this 
particular case the terms SWCNT selectivity, MWCNT selectivity, CNT selectivity and 
(n,m) selectivity have being used.  Their definitions are shown below. 
 
SWCNT selectivity: quantity of SWCNT related to the total number of species. 
MWCNT selectivity: quantity of MWCNT related to the total of species. 
CNT selectivity: quantity of CNT related to the total amount of species. 
(n,m) selectivity: quantity of specific (n,m) related to the total (n,m) area. 
 
B. Carbon yield 
Another term that has been used through this dissertation and it is important to 
define is carbon yield.  This term is defined below. 
 
Carbon yield (%): mass of carbon divided by the total initial amount of catalyst (metal-
support) multiplied by 100. 
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A-2: Internship 
The use of different analytical techniques (surface area analysis, temperature 
programmed analysis, etc.) learned during a summer internship at ConocoPhillips have 
been applied to the research topic concerning this doctoral dissertation. 
